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Abstract
Background: The growing burden of type 2 diabetes mellitus (T2DM) suggests that past
efforts via lifestyle modification and weight-loss programs have not yielded populationlevel gains. Evidence indicates that the environment where a person lives and interacts
may influence T2DM. However, much of the current data on the association between the
built environment and T2DM comes from cross-sectional studies and are prone to
residential self-selection bias. Furthermore, the role of some environmental
characteristics and the mechanisms underlying such a relationship remains less clear.
These limitations make the current evidence of less use in informing policies.

Aim: This research aims to better understand the influence of the built environment on
T2DM by addressing some gaps identified in the literature. This thesis investigates the
associations between perceived built environment characteristics and T2DM incidence,
the pathways through which the identified associations occur, and the modification of the
associations by other factors. The findings are expected to help inform policies aimed to
build health-enhancing communities and reduce health inequalities.

Methods: This thesis used the longitudinal data of the 45 and Up Study. Data of 36,224
individuals (43.8% men and 56.2% women) aged 45 years and above from the population
of New South Wales, Australia, were analysed for the three studies that were informed
by a systematic review. In the first study, multilevel analysis accounting for some
predictors of residential self-selection such as income and marital status was performed
to examine the association between six perceived environment characteristics and the
odds of developing incident T2DM. Interaction terms were also fitted between the built
environment variables and some sociodemographic factors such as area disadvantage and
gender. In the second study, the potential role of several hypothesised mediators of the
built environment–T2DM association was tested in regression-based causal mediation
analysis. The final study examined the potential moderating role of perceived crime on
the built environment–T2DM association by fitting interaction terms and stratified
models. A moderated mediation analysis tested the possible moderating role of perceived
crime on the mediation of the association between perceived local amenities and T2DM
incidence.

xiv

Results: Of the total participants, 3.7% developed T2DM at follow-up, and the odds of
developing incident T2DM varied geographically. The results of the first study showed
that lack of access to neighbourhood amenities and day- and night-time crime were
associated with higher odds of developing incident T2DM. These associations retained
significance even after accounting for the markers of residential self-selection. In the
second study, body mass index (BMI) and physical activity including walking partially
mediated the association between perceived local amenities and T2DM. Psychological
distress and BMI partially mediated the association between both day- and night-time
crime and T2DM, while physical activity and walking also partially mediated the
association for day crime. The final study showed that regardless of area crime, lack of
access to local amenities increased BMI level, which in turn increased the odds of
developing T2DM. Similarly, access to local amenities was protective against T2DM
among those who perceived their neighbourhood safe in relation to day crime, and
recreational walking partially mediated this association. The clustering of the perceived
unfavourable built environment was associated with increased odds of T2DM, which rose
with increasing unfavourable environment and area disadvantage.

Conclusions: The findings suggest that policies to enhance access to local amenities and
prevent crime can potentially reduce T2DM risk by supporting healthy behaviour and
improving physical and mental health. The results also imply that the availability of
amenities may lower T2DM risk by increasing walking and by reducing BMI regardless
of perceived area crime. Environmental interventions that promote health, especially in
disadvantaged areas, may return larger gains. Modifying the features of the residential
built environment, such as enhancing proximity to local amenities, reducing crime, and
addressing mental health, may help control the growing epidemic of T2DM and related
health outcomes.
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Chapter One: Introduction

This thesis examines the association between residential built environment characteristics
and type 2 diabetes mellitus (T2DM). T2DM is a severe chronic condition with a
significant impact on the wellbeing of individuals and societies. Although T2DM can be
prevented by changing lifestyles and maintaining healthy body weight, the burden of
T2DM is rising rapidly worldwide, presenting an enormous socioeconomic and health
challenge. Growing evidence indicates that the environment where a person lives and
interacts may influence health, including T2DM (den Braver et al. 2018; Diez Roux &
Mair 2010). This research aims to better understand the built environment–T2DM
relationship by using a large Australian dataset.
1.1 Chapter overview
The first chapter of this thesis provides a synopsis of the thesis, including the objectives
and the rationale for undertaking this research. It begins by providing a description of the
classification, aetiology, and diagnosis of diabetes. This is followed by the narrative of
the global burden, risk factors T2DM, including the epidemiology of T2DM in Australia.
The significance of studying the influence of built environment on health and the
importance of perceived built environment measures are also underscored. The aims and
objectives of the thesis and specific hypotheses tested in this thesis are then elaborated in
the subsequent sections. The final section provides an overview of the thesis structure.
1.2 Diabetes mellitus - aetiology, classification, and diagnosis
Diabetes is a chronic condition characterised by excess glucose (sugar) levels in the
blood, also referred to as hyperglycaemia. It can cause severe damage to body systems
and organs as it progresses, the nerves and the blood vessels in particular, and can also
lead to death in the absence of effective treatment (Wu et al. 2014).

1.2.1 Classification of diabetes mellitus
Diabetes is mainly classified into type 1 diabetes mellitus (T1DM), type 2 diabetes
mellitus (T2DM), and gestational diabetes (American Diabetes Association 2014;
1

International Diabetes Federation 2017). Type 1 diabetes is caused by an autoimmune
reaction that destroys the insulin-producing cells leading to insulin deficiency. The exact
cause is not known, and it is currently not preventable. Gestational diabetes is marked by
high blood sugar levels during pregnancy and delivery.

Type 2 diabetes mellitus, the health outcome of interest in this thesis, is characterised by
inadequate insulin production and the body’s ineffective use of insulin. Although more
common among adults, an increasing number of children and young adults are also being
diagnosed with T2DM that is attributable to rising obesity, physical inactivity, and poor
diet among children (International Diabetes Federation 2017). The symptoms resemble
those of T1DM. They include frequent and excess excretion of urine, thirst and dry mouth,
constant hunger, weight loss, fatigue, recurrent fungal infection of the skin, tingling and
numbness of hand and feet, and blurred vision. People living with T2DM have a two to
four times higher likelihood of developing cardiovascular disease (Duca, Sippl & SnellBergeon 2013). Those with T2DM are also at a much greater risk of strokes, blindness,
kidney diseases, and lower limb amputation (Wu et al. 2014).

1.2.2 Biology of type 2 diabetes mellitus (T2DM)
In T2DM, the body does not produce enough insulin (insulin deficiency), or the body’s
cells are not able to use insulin properly (insulin resistance) (American Diabetes
Association 2014). Insulin, a hormone produced by the β-cells in the pancreas, controls
blood sugar levels. Insulin resistance occurs from genetic predisposition (American
Diabetes Association 2014; Cnop et al. 2007), and obesity, sedentary lifestyle, and ageing
can also cause or aggravate underlying mechanisms (American Diabetes Association
2014; Nolan, Damm & Prentki 2011). Consumption of energy-dense food and physical
inactivity are important predictors of obesity, high body mass index (BMI) and T2DM
(Kahn, Hull & Utzschneider 2006; Nolan, Damm & Prentki 2011).

Initially, a greater amount of insulin is produced to achieve a normal blood sugar level
(Fonseca 2009; Zaccardi et al. 2016); but this response is inadequate to overcome insulin
insensitivity, particularly in obese individuals contributing to increased production of
glucose by the liver (Fonseca 2009). This leads to a pre-diabetes condition wherein the
blood sugar levels are high but lower than the diabetes range. The metabolism of
2

carbohydrate, fat, and protein are disturbed as the disease progresses (American Diabetes
Association 2014; Kahn, Cooper & Del Prato 2014). Hyperglycaemia results when the βcells fails to compensate insulin resistance with excess insulin output (Zaccardi et al.
2016). The progressive decline of the β-cell function and mass over time with
hyperglycaemia marks the development of overt T2DM (Fonseca 2009; Kahn, Cooper &
Del Prato 2014).

Accumulation of fat in the liver, muscles, and pancreas from physical inactivity and a
surfeit of calories contributes to β-cell dysfunction and insulin resistance (Zaccardi et al.
2016). Inflammation, oxidative and endoplasmic-reticulum stress, raised lipid levels, and
amyloid accumulation also trigger β-cell dysfunction (Fonseca 2009; Kahn, Cooper &
Del Prato 2014; Phillips et al. 2014). Besides, gastrointestinal tract hormones and the
nervous system, including the brain, act on β-cells and glucose metabolism (Kahn,
Cooper & Del Prato 2014; Zaccardi et al. 2016). Early diagnosis and treatment with
lifestyle interventions (physical activity, healthy diet, and weight loss) and glucoselowering medications can reduce complications and vascular disease, and prevent or
delay the disease progression (American Diabetes Association 2014; Kahn, Cooper &
Del Prato 2014; Nolan, Damm & Prentki 2011; Phillips et al. 2014).

1.2.3 Diagnosis of type 2 diabetes mellitus
The diagnosis of T2DM is usually confirmed by measurement of fasting blood glucose
and HbA1c (glycated haemoglobin) or an oral glucose tolerance test (OGTT) (Chatterjee,
Khunti & Davies 2017). The WHO recommends a fasting plasma glucose (FPG) measure
of >7.0mmol/L (126mg/dL) and/or 2-hr plasma glucose of >11.1mmol/L (200mg/dL) for
the diagnosis of T2DM (World Health Organization 2013a). Furthermore, the WHO
recommends OGTT in persons with FPG of 6.1–6.9mmol/L (110–125mg/dL) to define
glucose tolerance status. The Australian guideline recommendation for OGTT is an FPG
of 5.5–6.9 mmol/L or random plasma glucose of 5.5–11.0 mmol/L (Colagiuri et al. 2009).

HbA1c concentration is a robust test for the diagnosis of T2DM that does not require
fasting yet produces results equivalent to fasting plasma glucose in predicting retinopathy
(Colagiuri et al. 2011). It measures the average blood sugar level over the past 2–3
months. Differences in the test result between fasting blood glucose and HbA1c
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concentration is observed among ethnic groups and at higher ages. Thus, test
standardisation is necessary, particularly in developing countries (Welsh, Kirkman &
Sacks 2016). The cut-off point for the diagnosis of diabetes using an HbA1c test is >6.5%.
It can be utilised only in the presence of a stringent quality assurance system (World
Health Organization 2011).

1.3 Global burden of T2DM
Noncommunicable diseases (NCDs) continue to pose a significant public health challenge
around the world. Responsible for an estimated 41 million deaths annually, which
translates to 71% of global deaths, NCDs are the leading causes of death (World Health
Organization 2018). Of the numerous NCDs, diabetes accounted for around 1.6 million
of NCD deaths, and high blood sugar was responsible for another 2.2 million deaths
(World Health Organization 2018). The burden of diabetes is rapidly rising worldwide,
and the number of people with diabetes is expected to grow from 415 million in 2015 to
642 million by 2040 (Figure 1.1), a rise of around 55% (International Diabetes Federation
2017). In addition, around 50% of all individuals with diabetes are estimated to be
undiagnosed, especially in developing countries. The majority of diabetes (>90%) is that
of T2DM (International Diabetes Federation 2017).

Figure 1.1: Estimated number of adults aged >20 years with diabetes
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Evidence attributes the escalating T2DM epidemic (and cardiovascular problems) to
rising obesity, unhealthy diet, and physical inactivity (Guh et al. 2009; Hu 2011;
Mozaffarian et al. 2009). These trends are linked to urbanisation and modern lifestyles in
addition to ageing, and have been identified as leading risk factors of T2DM. The
increasing burden of the disease and its associated adverse consequences make diabetes
a significant global public health problem. Without substantial large-scale efforts and if
the burden continues to grow at the current pace, it may be impossible to achieve the
World Health Organization’s goal to halt the increase in the prevalence of diabetes (World
Health Organization 2013b), and the Sustainable Development Goal to reduce premature
mortality from NCDs by one-third by 2030 (United Nations 2015).

Diabetes imposes a massive socioeconomic burden in the form of increased medical
costs, reduced productivity, premature mortality, and intangible costs related to reduced
quality of life. Furthermore, changes in demography, health service utilisation and
delivery, health coverage, technology, and migration add to the economic burden
associated with diabetes. It is estimated that the worldwide economic cost of diabetes will
soar to United States Dollar (USD) 2.1 trillion in 2030 from that of 1.3 trillion in 2015,
which approximates to an increase from 1.8% to 2.2% in terms of the global Gross
Domestic Product (GDP) share (Bommer et al. 2018). The per capita health expenditure
associated with diabetes is estimated to be USD 1,583 to USD 2,842 (da Rocha et al.
2016). It is anticipated that the overall worldwide cost will not decrease even if nations
meet the global targets. Diabetes is a major predictor of lost work productivity and work
limitations related to health (Tunceli et al. 2005), indicating the cost to the individual,
their family and society more generally. The global disability-adjusted life-years
(DALYs) related to diabetes was estimated at 67.9 million in 2017 that is projected to
increase to 79.3 million by 2025 (Lin et al. 2020). Moreover, the insurance cost is 2.3
times higher for individuals with diabetes than those without diabetes (Hill et al. 2013).

Diabetes imposes substantial burden to the society and health care system (American
Diabetes Association 2018; Rosella et al. 2016). Greater occurrence of diabetes and
associated adverse outcomes such as disability, heart problems, and kidney failure can
put pressure on the health care system and add to the rising healthcare expenditure. In the
USA alone, the cost of diabetes was estimated to be USD 327 billion in 2017, which has
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increased substantially in the recent decade (American Diabetes Association 2018). This
cost is in addition to the pain and suffering caused by diabetes, resources for care, and
cost related to undiagnosed diabetes.

1.3.1 Epidemiology of T2DM in Australia
Diabetes is among the major public health problem in Australia. It is the 7th leading cause
of death and was responsible for 11% (both underlying and associated cause) of all deaths
in 2019 (Australian Institute of Health and Welfare 2019). In 2017–2018, about 6% of
adult Australians had diabetes, and around one person develops diabetes every five
minutes (Australian Institute of Health and Welfare 2019). The prevalence of diabetes
increased three-fold between 1989–1990 and 2014–2015 (Australian Bureau of Statistics
2018). Recent data from the 2017–18 Australian Bureau of Statistics National Health
Survey showed the prevalence of diabetes to be 4.9% (Australian Bureau of Statistics
2018). However, the number of people with diabetes remained stable at around 1.2
million. As of 2014–15, there were 1 million Australians aged 18 years and above living
with T2DM (Australian Institute of Health and Welfare 2019), and the number of people
with diabetes is projected to increase to 2.0–2.9 million by 2025 (Magliano, Shaw, et al.
2008). More than 80% of those with T2DM were ≥50 years of age, and this proportion is
expected to rise, given the estimated increase in Australians aged ≥50 years by 80% in
2050. Given the current pace, around 38% of the young adults are projected to develop
diabetes in their lifetime and spend their remaining life (average 14%) with diabetes
(Magliano, Shaw, et al. 2008).

The prevalence of T2DM is higher among men than women, among those >65 years of
age, and much higher among lowest socioeconomic groups than the highest
socioeconomic group (Australian Bureau of Statistics 2018). The prevalence is similar
across cities, regional and remote areas. While access to public services and amenities
may be better in urban areas which may result in better health, rural residents may be
physically active due to the nature of jobs, better social life, and limited access to less
healthy diet which in turn may offset the effect of other behavioural and structural risk
factors prevalent in rural areas. About 7.9% of Indigenous Australians had diabetes and
they are around 3 times more likely to have diabetes than their non-Indigenous
counterparts (Australian Institute of Health and Welfare 2019). Similarly, Indigenous
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Australians are more than 4 times likely to be admitted to hospitals due to T2DM than
non-Indigenous Australians (Australian Institute of Health and Welfare 2019).
Additionally, T2DM appears to begin at an early age among Indigenous Australians than
in other Australian populations. Research has shown that in Australia three out of every
ten adults with diabetes remain undiagnosed (Sainsbury et al. 2018).

In terms of financial burden, the total annual cost of diabetes in Australia was estimated
to be Australian Dollar (AUD) 14.6 billion in 2010 (Lee et al. 2013). The associated cost
for those with diabetes was AUD 4,390, whereas for those with normal glucose tolerance,
the cost was AUD 1,898 (Lee et al. 2013). Furthermore, annual health costs double for
diabetics where complications are involved (Lee et al. 2013). Diabetes was attributable
for an estimated 2.3% of total disease expenditure in 2015–16 (Australian Institute of
Health and Welfare 2019). The rising trend of diabetes in the last decade indicates that
the related cost could have also increased substantially in recent years.

As in many other developed countries, high body weight, physical inactivity, less healthy
diet, smoking, alcohol use, and high blood pressure are the main risk factors contributing
to the burden of T2DM in Australia (Australian Health Ministers’ Advisory Council
2017). The recent 2017–18 Australian National Health Survey (NHS) showed that, 13.8%
of adults (>18 years) still smoked daily, 16.1% drank more than two standard drinks per
day, only around half (51.3%) met the recommended guidelines for fruit and vegetable
consumption, and only 15% of the adults met the physical activity recommendations
(Australian Bureau of Statistics 2018). Furthermore, around 9% of the adults and 7% of
the children consumed sugar-sweetened drinks. These unhealthy lifestyles are manifested
in the high prevalence of obesity that has seen an increase from 63.4% in 2014–15 to 67%
in 2017–18 among adults (Australian Bureau of Statistics 2018). The prevalence was
24.9% in children aged 5–17 years (Australian Bureau of Statistics 2018). This suggests
that the burden of T2DM will continue to increase.

1.4 Risk factors of T2DM
Age, obesity, family history of diabetes, and physical inactivity are the main aetiological
risk factors of T2DM (Hu 2011; Kolb & Martin 2017; Magliano, Barr, et al. 2008; Wu et
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al. 2014). Heritability and genetic factors also heighten the risk of T2DM (Hu 2011; Wu
et al. 2014). The prevalence of T2DM increases sharply with age, and there is a slight
gender difference in the distribution of T2DM (Forouhi et al. 2006; International Diabetes
Federation 2017). Dietary factors such as greater consumption of red and processed meat,
and sugar-sweetened drinks, and a low intake of fruits and vegetables are shown to
increase the risk of developing T2DM (Bellou et al. 2018; Hu 2011; Kolb & Martin 2017;
Wu et al. 2014). Other behavioural risk factors of T2DM include poor sleep quality
(Cappuccio et al. 2010a; Wu et al. 2014), sedentary behaviour (Bellou et al. 2018;
Grøntved & Hu 2011; Kolb & Martin 2017), high consumption of alcohol and smoking
(Bellou et al. 2018; Cullmann, Hilding & Ostenson 2012; Kolb & Martin 2017; Magliano,
Barr, et al. 2008). Besides these factors, certain conditions, such as high blood pressure
(Bellou et al. 2018; Magliano, Barr, et al. 2008), gestational diabetes (Bellou et al. 2018;
Magliano, Barr, et al. 2008), metabolic syndrome (Bellou et al. 2018; Magliano, Barr, et
al. 2008), high waist circumference (Bellou et al. 2018; Magliano, Barr, et al. 2008),
preterm birth (Bellou et al. 2018), and poor mental health (Kolb & Martin 2017), are
shown to predict T2DM. Those with impaired glucose tolerance and hyperglycaemia are
also at a higher risk of developing diabetes (International Diabetes Federation 2017;
Magliano, Barr, et al. 2008).

Socioeconomic factors, such as low social status, education, and income, are shown to be
associated with increased risk of T2DM (Agardh et al. 2011; Bellou et al. 2018; Kolb &
Martin 2017; Magliano, Barr, et al. 2008). Likewise, the occurrence of T2DM is
significantly higher among certain ethnic groups, such as South Asians and African
Caribbeans (Forouhi et al. 2006; Forouhi & Wareham 2014), and Indigenous Australians.
Social support and network and social environment (usually referred to characteristics
based on social activities and lifestyle) are also thought to influence T2DM risk (GaryWebb, Suglia & Tehranifar 2013).
Furthermore, one’s position in society can influence the place you live, and the
circumstances in that area may affect one’s health (Diez Roux & Mair 2010).
Neighbourhood deprivation — usually constructed using measures such as education,
income, and employment — has been shown to be associated with increased risk of
T2DM (Andersen et al. 2008; Maier et al. 2013). The prevalence of T2DM also differs
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markedly by geographic location with the lowest prevalence in rural areas of developing
countries, and intermediate in developed countries, with higher prevalence among urban
residents (den Braver et al. 2018; Forouhi & Wareham 2014; International Diabetes
Federation 2017). Those migrating from low-prevalence areas to the West also have a
greater risk of T2DM (Forouhi & Wareham 2014). Growing evidence also suggests that
environmental characteristics such as walkability, green space, food environment, air
pollution, and noise are associated with increasing or decreasing risk of developing
T2DM (Christine et al. 2015; den Braver et al. 2018; Diez Roux & Mair 2010; Kolb &
Martin 2017).

1.5 Environment and health
Socioecological theories emphasise the role of the setting in which behaviour takes place,
especially those attributes of the environmental context that can either promote or
discourage/prohibit certain behaviours (Sallis, Owen & Fisher 2008). Social Cognitive
Theory explains that human behaviour is influenced by environmental factors that may
also interact with personal and social factors (Bandura 1986). Many of our daily life
decisions, such as whether we walk to work or school, visit parks or not, and where and
what we eat, are affected by the built environment surrounding us. Research on how
contextual environmental factors can affect health has grown over the recent two decades.
The inability for individual-level factors to explain health disparities, an increased interest
in understanding health inequalities, and the recognition of the health effects of policies
from beyond the health sector have motivated the investigation of how the neighbourhood
environment may influence health (Diez Roux & Mair 2010; Feng et al. 2010).
Additionally, the availability of techniques such as multilevel statistical analysis and the
use of the Geographic Information System (GIS) that allows examination of
area/environment effects in greater detail has enabled research in neighbourhood
environment influences on health.

Differences in individual health between neighbourhoods may be explained by either
contextual or compositional factors. Individual-level characteristics such as income and
education are compositional factors (Macintyre & Ellaway 2003) whereas broader factors
in the neighbourhood environment such as crime, traffic, pollution, and local services that
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can also influence individual health are the contextual explanations for health differences
between neighbourhoods and are referred to as contextual factors (Macintyre & Ellaway
2003). These variables can be highly correlated and thus should not be examined
independently. The salience of contextual factors in relation to efforts aimed to promote
the health and wellbeing of individuals and the dynamic interaction between people and
places is increasingly recognised.

The neighbourhood environment is the context which possesses both physical and social
features in which individuals’ behaviours are set that can plausibly shape health. The
intake of energy and energy expenditure can be influenced by the availability of and
accessibility to health-enhancing or health impeding environmental resources. Intake of
energy from the food environment and expending of energy through physical activity
resources are critical in understanding the energy balance and the related consequent
health outcomes. An environment that promotes the intake of less healthy food and
discourages or prevents physical activity is referred to as an “obesogenic environment”
(Swinburn et al. 2011). Such environments are associated with urbanisation and reflected
in the design of the neighbourhood, population and housing density, and zoning
programs. Some social and physical environmental resources can also affect certain
behaviours and health, such as sleep and mental health, which in turn can also affect
cardio-metabolic conditions. Similarly, unequal access to health care and services that is
closely tied with individual and area socioeconomic circumstances can also potentially
influence one’s risk of having T2DM. For instance, those with better access to health
services may be more likely to be screened for diabetes, and interventions to prevent overt
diabetes initiated early on among those with risk. Whereas, limited access to health care
is shown to be associated with undiagnosed diabetes (Zhang et al. 2010). Such structural
inequality may be also an embedded part of the culture, for instance due to history of
suppression of ethnic minority groups (Strutz et al. 2014).

Since most of the cardio-metabolic health conditions, including T2DM and
cardiovascular diseases, are largely preventable, there have been calls for populationwide health investments to address the major modifiable risk factors, such as physical
inactivity, unhealthy diet, and smoking. Interventions at the neighbourhood
environmental level provide opportunities for a population-wide effect and a relatively
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larger gain as opposed to individual-level interventions. The recognition that modifying
the urban infrastructure and environment can potentially improve health and narrow
disparities is growing (Barton, Tsourou & Mitcham 2003). The need to create
environments that are health-supportive is recognised in the World Health Organization’s
1986 Ottawa Charter for Health Promotion (World Health Organization 1986).
Furthermore, the recent Shanghai Declaration on Health Promotion acknowledges health
as a key barometer for the cities’ sustainable development, and commits to prioritising
policies to create neighbourhood environments that are health-enhancing (World Health
Organization 2017).

Although individual-level sociodemographic and behavioural factors are important
predictors of T2DM, recent growing evidence also suggests that the environment in which
a person lives and interacts may significantly influence health such as physical activity,
obesity, cardiovascular diseases, hypertension, metabolic syndrome including T2DM
(Black & Macinko 2008; Feng et al. 2010; Feng & Astell-Burt 2016; Malambo et al.
2016; Renalds, Smith & Hale 2010; Schulz, Romppel & Grande 2016; Wendel‐Vos et al.
2007), and mental health (Francis et al. 2015; Gong et al. 2016). Studies also show that
living in disadvantaged areas, a proxy indicator of poor physical and socioeconomic
environment, is associated with increased diabetes risk (Cox et al. 2007; Grundmann et
al. 2014; Williams et al. 2012). However, much of the current evidence on the influence
of the built environment on T2DM risk comes from cross-sectional studies and are prone
to confounding by self-selection of individuals into neighbourhood. Moreover, data on
the underlying mechanism through which the built environment may influence T2DM
and the plausible modifying effect of the built environment–T2DM association by some
sociodemographic and environmental factors is limited.

1.5.1 Defining the built environment
The built environment can be defined in many ways and may have many meanings that
may depend on the hypothesised causal mechanism (Diez Roux & Mair 2010; Saelens &
Handy 2008). Measuring the built environment can be complex given the large number
of dimensions that may be often interrelated. The built environment may also vary in
significance by specific behaviours (Hoehner et al. 2005). For example, a larger scale
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may be needed for local resources such as food environment to bring about a health effect,
while a small spatial scale for the effect of air pollution exposure may be relevant. The
built environment is comprised of the physical characteristics of the areas in which people
live and interact, such as buildings, streets, open and recreational spaces, infrastructure
and other features of the urban design, and includes environmental exposures such as air
pollution (Diez Roux & Mair 2010; Pasala, Rao & Sridhar 2010). These physical
surroundings and conditions are constructed by human activity (Diez Roux & Mair 2010;
Saelens & Handy 2008); therefore, these environmental aspects are generally modifiable.

The definition of neighbourhood environment can be broadly classified into subjective
and objective measures (Lee & Moudon 2004; Mackenbach et al. 2014). Measures
collected through surveys and questionnaires that gather information on perceived access,
distance, and availability of built environment features are referred to as the subjective or
perceived measures; whereas measures collected using approaches such as direct
observation, normalised difference vegetation index (NDVI) using satellite images, data
on land use, and GIS constitute the objective measures. NDVI measure greenness in an
area by calculating the amount of visible and near-infrared light reflected from the land
surface into the space (Weier & Herring 2011).

1.5.2 Significance of perceived/subjective measures
1.5.2.1 What constitutes perceived measures?
Perceptions develop through an ongoing evaluative, social, cognitive, and affective
interactive process. The individual’s interaction with the actual environment, including
awareness, and satisfaction are reflected in their perceptions. The amalgamation of these
inputs form a spatial cognitive representation of the environment, also referred to as “a
mental map” (Del Aguila, Ghavampour & Vale 2019; Golledge 1997). Emotional
responses to places that include affection, attachment, experience, and meanings are also
manifested in one’s perceptions (Nasar 2008). It is conceivable that the perception of
some environmental characteristics, such as that of aesthetics, may reflect what is actually
present and seen.

12

Perceived measures also can tap an individual’s intentions to utilise local resources
(Caspi, Sorensen, et al. 2012). Although perceived measures may be derived from
observed objective characteristics, perceived measures may entail and reflect
experiences,

aspirations,

adaptation

processes,

individual

characteristics,

and

affordability that can influence the use of neighbourhood resources (John 1987).
Dissimilarities in age, gender, social status, culture, and physical ability may also affect
an individual’s perception. Thus, different people might have mental maps of the same
environment that are distinct from others and consequently have different behaviours
(Ewing & Handy 2009). Such understandings are essential in promoting health.
1.5.2.2 Perceived and objective measures – are they different?
Compared to objective measures, perceived measures of the neighbourhood environment
are found strongly associated with health behaviour such as physical activity (Caspi,
Sorensen, et al. 2012; Hinckson et al. 2017; Leslie et al. 2010; Orstad et al. 2017; Prins et
al. 2009; Weden, Carpiano & Robert 2008) and cardio-metabolic health outcomes
(Chandrabose et al. 2019). Having built environment features that support health may not
necessarily be accompanied by positive perceptions of the environment (Van Dyck et al.
2011; Van Dyck et al. 2013) and influence health behaviour (Lucan et al. 2014). For
example, individuals living in highly walkable neighbourhoods were less satisfied with
their neighbourhoods than were those in less walkable neighbourhoods (Van Dyck et al.
2011). It is plausible that individuals may visit and walk in areas that they view as pleasant
and avoid those judged unpleasant despite the availability of resources. The perception of
the environment may potentially outweigh the importance of the physical built
environment in explaining their effect on health behaviour and outcomes (Van Dyck et
al. 2013). Thus, interventions to enhance perceptions of the neighbourhood built
environment may also be equally important.

Although related (Feng & Astell-Burt 2017), perceived and objective measures are
thought to be distinct constructs (Leslie et al. 2010; Orstad et al. 2017; Weden, Carpiano
& Robert 2008). One primary reason as to why they do not closely approximate each
other is because they may capture differences in behaviour from varied sources (Leslie et
al. 2010). Perceived measures possibly capture the aspects of the environment where the
behaviour actually takes place, whereas objective measures such as buffer areas around
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the home or administrative areas may not match the area where such behaviours happen
(Gebel et al. 2011). Perception of the environment may better relate to behaviour, given
the familiarity of the area. Such measures may also include safety for walking and
reliability of local resources, including transportation (Caspi, Sorensen, et al. 2012),
which are difficult to capture by objective measures. Likewise, objective buffer areas may
be specific for different types of environmental characteristics and subgroups (older
compared to younger individuals) (Villanueva et al. 2014). The inability to reflect an
area’s environmental characteristics accurately may be a possible explanation for the
weak evidence for objective built environment measures (Kwan 2012b).

Perceived built environment measures may or may not reflect similar characteristics of
the built environment. Measures of the distance to the nearest local shop collected through
interviews may seem conceptually comparable to the actual measured distance (Troped
et al. 2001). However, perceived and objective measures were found to have a low level
of agreement (Brownson et al. 2009) and exhibited an independent association with
physical activity when assessed simultaneously (McGinn et al. 2007; Nyunt et al. 2015).
This indicates that these measures are not necessarily the same, and perhaps analyses need
to include both measures. It also suggests that the same attribute of the neighbourhood
built environment may be captured by one measure that is not fully captured by the other
(Nyunt et al. 2015). Thus, Sallis et al. (2006) place perceived and objective measures of
the built environment at different levels of influence in their Ecological Model of Active
Living (Sallis et al. 2006). Environmental perceptions are considered to be more proximal
to health (Weden, Carpiano & Robert 2008) and health behaviour (Caspi, Kawachi, et al.
2012) than objective measures (Sallis et al. 2006).

Perceptions of the environment are also thought to mediate or moderate the associations
between objective measures and health (Cerin et al. 2018; Ewing & Handy 2009; Van
Dyck et al. 2013; Weden, Carpiano & Robert 2008). Place theory posits that the objective
residential environment influences neighbourhood satisfaction (a measure of how
individuals feel about the neighbourhood) through persons’ perceptions of the
environment, which are themselves affected by their actual or anticipated activities in
their role/s within those environments (Canter 1977). This is further supported by the
Stimulus-Organism-Response theory that also proposes that the resultant behaviour
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(response) to the environment (stimulus) is the outcome of internal emotions (organism)
triggered by exposure to that environment (Moore 1996). For this reason, it is contended
that it may be theoretically incorrect to examine both objective and perceived measures
in a single statistical model (Orstad et al. 2017).

A review that examined the approaches to measure the built environment in relation to
their influence on physical activity showed that a majority of the tools used to measure
perceptions of the built environment had high reliability according to the test-retest
reliability criteria (Brownson et al. 2009). Perceived measures of the presence of
sidewalks and cul-de-sacs also had good validity and reliability (Brownson et al. 2009).
Likewise, the reliability of scales for area problems/violence, social cohesion and
participation, safety from crime, and areas for exercise and walking, food availability,
aesthetic quality, and quality of recreational resources were found to be good (Echeverria,
Diez-Roux & Link 2004; Weden, Carpiano & Robert 2008). However, perceived crime
appeared to have low validity (Brownson et al. 2009).

1.5.2.3 Limitations of perceived measures
Subjective or perceived measures of the environment can be more easily and
economically obtained than objective measures. One major issue concerning the use of
perceived measures is the same source bias that can generate spurious relationships
between the built environment and the health outcomes examined. Those from a low
socioeconomic background may not accurately report the conditions in their
neighbourhood but that may be due to the influence of a third unobserved factor. For
example, the poor health status of an individual may influence his/her perception of the
neighbourhood condition. This bias might also explain the stronger associations observed
for perception-based measures to some extent (Caspi, Sorensen, et al. 2012).

Besides, self-administered survey measures may not precisely capture the environmental
perceptions since individuals may not correctly interpret the survey questions. The
differences in the interpretation of self-report instruments that measure perceived
environment and health may produce spurious variances in the effects across
socioeconomic groups (Cerin et al. 2016). Thus, the significant moderation effect of some
sociodemographic factors identified could sometimes be due to the reporting bias rather
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than the actual difference in the association. Besides, instruments to acquire subjective
measures would need to be assessed for their reliability and validity. The size of the
community or the area and an individual’s health can also affect an individual’s ability to
estimate distances that can affect reliability. For instance, people with poorer health may
perceive distances to be longer than those who are healthy (Witt et al. 2009).

1.5.2.4 Disadvantages of objective measures
While objective measures have the advantage of capturing structural aspects and
facilitating the use of results into intervention strategies directly, there are some issues
concerning the use of objective measures. First, as discussed earlier, it is difficult to obtain
reliable information on simple indicators of quality of the environmental attributes such
as conditions of neighbourhood facilities, availability and safety of equipment in the
playground, and street crossing aids in objective and GIS-derived measures. Additionally,
measures obtained via physical observation entails costs and investments in staff
recruitment, training, and data management. The use of physical observation tools is timeconsuming. Likewise, the use of GIS and other spatial techniques require specialised
skills. GIS-based measures may also miss some smaller environmental features, while the
NDVI measures may not capture the type of built environment. Finally, objectives
measures may not be recent, can be limited by the lack of or incomplete data, its unknown
quality, the difficulty or cost of access, and lack of standardisation (Brownson et al. 2009).

1.5.3 Built environment as a determinant of T2DM – the rationale
It is well established that lifestyle modification via increased physical activity (Colberg
et al. 2010; Knowler et al. 2002), healthy diet and weight loss programs can prevent or
delay the development of T2DM (Knowler et al. 2002; Lindström et al. 2003; Schulze &
Hu 2005; Tuomilehto et al. 2001). It is estimated that around 90% of the T2DM cases can
be potentially prevented with changes in diet and lifestyle (Ley et al. 2016). Thus, until
recently, the prevention of T2DM has primarily concentrated on behavioural
interventions (Diabetes Prevention Program Research Group 2002; Mozaffarian et al.
2009; Wu et al. 2014). Nonetheless, the increasing burden of T2DM indicates that these
past individual-based interventions have not been effective in preventing T2DM.
Although strategies to improve physical activity might have achieved some behavioural
change, the maintenance of such changes over time can be difficult (Greaves et al. 2011).
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Healthy lifestyles can be discouraged and non-sustainable in the absence of a supportive
environment, and behavioural and educational interventions might be rendered
ineffective or less effective in non-enabling environments (Auchincloss et al. 2009;
Christine et al. 2015). Moreover, individual-level lifestyle interventions will not directly
change the environment that can play a crucial role in translating intentions into
behaviour. Therefore, bringing about changes in the environment that support healthy
behaviours can be a crucial population-level strategy.

Furthermore, given their limited reach, individual-level interventions may not be costeffective. These interventions targeting at-risk populations might benefit such people but
will have a limited effect on the population risk distribution. Built environment
interventions can affect large populations over a long period; thus even small effects on
health and behaviour would possibly be amplified by the wide reach and prolonged
exposure to the environment (Sallis, Owen & Fisher 2008). It is also conceivable that
other individuals who previously do not fall under the at-risk group may become at-risk
if the underlying environmental factors or conditions are not improved. Interventions
intended to create and/or improve the environment that support health can, therefore,
supplement individual-level strategies, thereby improving the durability of resultant
behavioural change and achieving optimal gain at the population-level.

Understanding the influence of the residential built environment characteristics on health
and wellbeing is also important for other reasons. Many of the neighbourhood
environmental characteristics that are thought to influence health behaviour and
outcomes, such as crime and safety, parks and recreational facilities, public transit, local
amenities, and related infrastructure, are potentially modifiable and amenable to urban,
environmental, and public health policies. Additionally, the effect of built environment
conditions has been linked to other health and behavioural outcomes that include child
health, mental health, smoking, and mortality (Diez Roux & Mair 2010; Kawachi &
Berkman 2003; Renalds, Smith & Hale 2010; Schulz, Romppel & Grande 2016).
Improvement in the residential environment is therefore expected to have health benefits
beyond those associated with physical activity and diet alone.

Furthermore, environmentally focused interventions are contended to be more effective
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even in the absence of a conscious intention, such as proposing to be physically active
(Marteau, Hollands & Fletcher 2012). Complementary efforts aimed to make small shifts
in the distribution of dietary and physical activity behaviours at the population-level can
have a considerable impact on the population-level burden of T2DM and related health
outcomes (Forouhi & Wareham 2014).

1.6 Aims and objectives of the thesis
This research aims to fill in some of the knowledge gaps in the literature on built
environment and T2DM risk and prevention. The primary objective of the thesis was to
examine whether the characteristics of the residential built environment influence the risk
of developing T2DM. The secondary objectives were to examine the potential mediating
pathways and the moderation of the underlying pathways by other sociodemographic and
environmental factors. The findings are expected to be useful in informing urban
planning, environmental, and public health policies that can potentially help reduce the
growing burden of T2DM and related health outcomes.

1.6.1 Research objectives
The specific objectives are as below.
1. To examine the nature and extent of the influence of built environment characteristics
on T2DM risk and prevention.
2. To investigate the longitudinal association between perceived built environment
characteristics and T2DM incidence. Subsidiary objectives are:
•

To explore whether residential self-selection confounded the associations
identified.

•

To examine whether the associations differed by gender, area disadvantage,
and duration of living in the same residence.

3. To identify the potential mediating factors of the association between perceived built
environment characteristics and T2DM incidence.
4. To investigate whether perceived crime during day and night modified: a) the
perceived built environment–T2DM incidence association, and b) the pathways
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through which the perceived built environment influences T2DM incidence.
Subsidiary objectives are:
•

To explore whether clustering of unfavourable built environment
characteristics is associated with increasing T2DM risk, and whether the risk
of T2DM increases with rising clusters of unfavourable neighbourhood
environment and area disadvantage.

One systematic review (for the first objective) and three empirical studies (for the
objectives 2–4) were conducted to answer the associated research questions.

1.6.2 Research hypotheses
The hypotheses tested in this thesis for each specific research objective are described
below.

Hypothesis for objective 1:
1. Different characteristics of the built environment may be associated with either an
increasing or decreasing risk of diabetes.

Hypotheses for objective 2:
1. Individuals who perceived having recreational facilities, public transit, local
amenities, and footpaths in their neighbourhood would have reduced odds of
developing incident T2DM, while those living in areas perceived unsafe due to
crime may have increased risk.
2. These identified built environment-T2DM associations may remain robust upon
accounting for some markers of residential self-selection.
3. The identified associations between perceived built environment and T2DM
incidence would emerge stronger among females, those living in disadvantaged
areas, who lived in the same residence for longer, and among urban residents.

Hypotheses for objective 3:
Since perceived access to local amenities and crime were found to be strongly associated
with T2DM incidence (Chapter 4), the following hypotheses pertaining to only these
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characteristics were tested.
1. Perceived access to local amenities may lower T2D risk through increasing
physical activity, social contact, sleep, and reducing BMI.
2. Perceived day-time crime may influence T2D risk through increasing physical
inactivity, psychological distress, sedentary behaviour and BMI.
3. Perceived night-time crime may increase T2D risk through reducing sleep
duration and increasing psychological distress and BMI.

Hypotheses for objective 4:
1. Individuals who perceived having local amenities, recreational facilities,
footpaths and public transit in their neighbourhood but perceived their
neighbourhood unsafe due to crime would have increased risk of T2DM,
compared to those who reported not having these resources but perceived their
neighbourhood safe in relation to crime. The risk would be stronger among those
who perceived that they were lacking these resources and perceived the
neighbourhood as unsafe due to crime.
2. Mediation of the association between perceived lack of access to local amenities
and T2DM would be stronger among those who perceived their neighbourhood as
unsafe due to crime.
3. Individuals living in neighbourhoods with greater perceived unfavourable
environment would have higher T2DM risk. The risk of T2DM would rise with
increasing neighbourhood unfavourability and area disadvantage.

1.7 Thesis outline
This thesis is presented as by compilation that includes published articles and manuscripts
submitted to or under review by peer-reviewed journals and is comprised of seven
chapters. Each publication or manuscript is presented as a separate chapter herein. Figure
1.2 provides a schematic outline of the thesis.

A systematic review that critically summarises the evidence on the environmental
determinants / risk factors of T2DM risk and prevention is presented in Chapter 2. The
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methodological challenges pertaining to studying environment in relation to health and
some possible approaches to overcome these are also discussed in this chapter. The
findings in this review guides and informs the research objectives and the approaches
employed in the subsequent chapters. This chapter also provides an extended literature
review that examines mainly the additional literature published since the literature search
for the systematic review.

Chapter One

• Introduction

Chapter Two

• Literature Review

Chapter Three

• Research Methods

Chapter Four

• The longitudinal association between perceived
built environment characteristics and type 2
diabetes risk

Chapter Five

• Exploring the potential mediating pathways
between perceived built environment and type 2
diabetes risk

Chapter Six

• Does perceived neighbourhood crime moderate
the association between perceived built
environment and type 2 diabetes incidence?

Chapter
Seven

• Discussion and Conclusions

Figure 1.2: Outline of the thesis structure

The research approaches employed, including statistical analyses performed to test the
hypotheses of this thesis, are elaborated in Chapter 3. The chapter initially provides the
theoretical framework underpinning this research, illustrating the plausible links between
different built environment characteristics and T2DM, which is supported by
socioecological theories. A description of the longitudinal data along with the description
of the main exposure and outcome variables are also presented.
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The fourth chapter investigates the empirical relationship between six perceived built
environment characteristics and T2DM incidence, and the influence of residential selfselection on the associations identified. The changes in the residential location described
by changes in neighbourhood disadvantage, household income, employment, and marital
status between two study waves were used to examine the potential influence of
residential self-selection. This chapter also asks whether the relationship between built
environment and T2DM varied by some sociodemographic characteristics.

To better understand how built environment influences T2DM risk, Chapter 5 investigates
the role of a range of potential candidate mediators that are hypothesised to lie in the
pathways between built environment and T2DM. This thesis employed the causal
mediation analysis that uses the counterfactual approach, which allows for exposuremediator interaction, and decomposes the total effect into direct and indirect effects.

Chapter 6 evaluates the potential moderating role of both day- and night-time crime on
the built environment–T2DM association. The role of perceived crime on the mediating
pathways between local amenities and T2DM incidence was also investigated using
moderated mediation models. This chapter also presents the results of the effect of the
clustering of unfavourable built environment characteristics on T2DM incidence. The
results of the analysis of whether the risk of T2DM increases with increasing clusters of
unfavourable neighbourhood environment and area disadvantage is also discussed.

Chapter 7 presents an overall discussion of the major findings from the three empirical
studies undertaken in this thesis (chapters 4, 5, and 6). It also discusses some potential
implications of this research for public health policies, including some likely co-benefits
of environmental interventions (e.g., mitigating climate change and improving respiratory
health). The final chapter also highlights some of the strengths and limitations concerning
this research, recommendations for future research, and concludes by summarising the
key findings from this research.

22

Chapter Two: Literature Review
2.1 Preface
Growing evidence suggests the potential role of different characteristics of the built
environment in influencing health, including T2DM and related health outcomes.
However, there are no studies that critically synthesised the evidence on the potential
impact of built environment characteristics on T2DM risk and prevention. Given the
plausible influence of the different elements of the built environment on T2DM risk, this
chapter presents a literature review that critically synthesises the available data on the
association between the built environment and T2DM. The findings from this review
formed the basis for the studies conducted in the subsequent chapters.

This chapter is presented in two parts (sections 2.2 and 2.3). The first part presents a
systematic literature review that was published in 2018 (Appendix A). This part is
presented as was published with minor alterations, especially formatting, such as
referencing style, figures, and tables, so it aligns with the format of the overall thesis. The
University of Wollongong’s recommended referencing style was also applied. The
second part consists of an update of the relevant literature up until now published after
the systematic review. This update primarily focuses on the findings in relation to the
consistency with the results of the systematic review.

Citation: Dendup, T, Feng, X, Clingan, S & Astell-Burt, T 2018, 'Environmental Risk
Factors for Developing Type 2 Diabetes Mellitus: A Systematic Review', International
Journal of Environmental Research and Public Health, vol. 15, no. 1.

Journal information: International Journal of Environmental Research and Public
Health; Impact factor (2019) - 2.468.
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Author’s contribution: Tashi Dendup contributed in designing the study, conducted the
literature review, study quality assessment (including data synthesis) and prepared and
revised the manuscript. Stephanie Clingan peer-reviewed the literature search including
assessment of the selected papers, and reviewed the draft manuscript. Xiaoqi Feng and
Thomas Astell-Burt conceptualised and designed the study, secured the funding, provided
technical inputs throughout the process and critically reviewed and revised the
manuscript. All authors approved the final version of the manuscript.

The findings from this systematic review were presented during the Faculty of Social
Sciences HDR Student Conference, University of Wollongong, 17 November 2017.
(Appendix B).
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2.2 The systematic literature review: Environmental risk factors for developing type
2 diabetes mellitus: A systematic review.

2.2.1 Introduction
The burden of diabetes is rising rapidly worldwide posing an enormous socioeconomic
and health challenge (Bommer et al. 2017; International Diabetes Federation 2017; World
Health Organization 2016b). The number of people with diabetes is estimated to further
increase from that of 415 million in 2015 to 642 million by 2040 (International Diabetes
Federation 2017). Type 2 diabetes mellitus (T2DM) characterised by excess blood sugar
levels, accounts for around 90% of the cases (International Diabetes Federation 2017).
T2DM can cause severe damage to bodily organs such as kidneys, eyes, and heart, and
particularly also the vascular system. The escalating burden of T2DM indicates that past
prevention efforts via interventions designed to increase physical activity and promote
healthy diet, have not led to population level gains. The plausible influence of
neighbourhood and built environment characteristics on health including T2DM is
increasingly being recognised and studied in the recent years (Black & Macinko 2008;
Diez Roux & Mair 2010; Schulz, Romppel & Grande 2016). However, no study has
critically reviewed studies of the association between built environment and T2DM risk
and prevention.

This systematic review aimed to evaluate the literature on the built environment
determinants of T2DM risk. It initially provides a discussion on some methodological
challenges in studying the built environment and potential strategies to overcome these
caveats. After that, a summary of critical analysis and synthesis of the existing literature
on the built environment–T2DM relationship is presented. The subsequent section
discusses the findings and also highlights future research directions.

2.2.2 Methodological issues in studying built environment
2.2.2.1 Measurement and misclassification of exposures
Metrics such as density, diversity, distance, design, connectivity, and composite indices,
are often used to assess built environment and health. The availability of data and
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feasibility often determines the use of specific measure, and currently, it appears that there
are no agreed standard metrics to measure specific environmental characteristics (Feng et
al. 2010). More recently, the use of Geographic Information System (GIS) combined with
other data sources has helped to overcome measurement bias from self-reported measures
(Diez Roux & Mair 2010). However, objective measures using GIS and other tools,
though accurate, ignore the qualitative aspects such as cost, use, and quality of
neighbourhood characteristics that can help understand the built environment-health
relationship better.

Defining and operationalising the spatial scope of the neighbourhood environment has
also been a persisting issue (Black & Macinko 2008; Gordon-Larsen 2014; O’Campo
2003). Census tracts, participant’s residential area, blocks, counties, zip codes, and areas
defined by a buffer distance are currently applied. These pre-defined areas may not reflect
the recent settlement patterns and the residents’ perceptions. Neighbourhood area can be
complex and may be defined by social networks and transportation including distance to
resources (Gordon-Larsen 2014). The area may also differ by health outcomes assessed
and the process through which the built environment impacts health (Diez-Roux 2007).
Further, using small buffer areas may not capture distant environmental factors, whereas,
population defined census blocks may encompass different areas in different geographic
areas (Diez Roux & Mair 2010; Feng et al. 2010).
Another issue is the possibility of “same-source bias” that arises when both the outcome
and environment characteristic are self-reported (Diez-Roux 2007; O’Campo 2003). The
data can generate biased relationship since the outcome impacts the neighbourhood
perception. For instance, persons who are physically inactive may be less likely to report
physical activity resources than those who are physically active. The use of composite
indices (such as walkability) computed by combining numerous measures help reduce
over-adjustment, collinearity, measurement error and is easily interpretable (Feng et al.
2010). But these measures can present issues concerning validity, reliability, and
generalisability (Feng et al. 2010). Such indices may not also be beneficial in targeting
interventions, given the difficulty in identifying specific components that merit more
attention, and can be of little use in discerning underlying mechanisms.
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2.2.2.2 Confounding and health-selective migration
Self-selection of individuals into neighbourhoods based on their health and predisposition
to certain behaviours can lead to biased estimation in observational data (BooneHeinonen, Gordon-Larsen, Guilkey, et al. 2011; O׳Campo et al. 2015). Physically active
and diet conscious individuals may choose to live in areas with better access to physical
activity and healthy food resources (Boone-Heinonen, Gordon-Larsen, Guilkey, et al.
2011). This can lead to a spurious observed pattern that is not the actual built environment
effect. Food outlets and recreational facilities can be also established depending on the
neighbourhood demand (Boone-Heinonen, Gordon-Larsen, Guilkey, et al. 2011; GordonLarsen 2014). For instance, the likelihood of establishing more fast-food outlets can be
higher in neighbourhoods with higher fast-food consumption, hence the greater BMI
levels in these areas. The results of the studies can be biased from reverse causation if
these dynamics are not considered.

Sociodemographic, economic, and cultural characteristics including knowledge,
perception, and attitudes regarding health and built environment can influence the built
environment-health relationship. Factors such as education, age, income, and nativity can
also determine an individual’s choice of place to live and can vary by different groups,
time and space (O׳Campo et al. 2015; Schaake, Burgers & Mulder 2014). It is often
difficult to fully account for individual-level characteristics. The ability of a study to infer
valid findings, and untangle the complex relationship is restricted if important variables
are omitted and or mismeasured (Diez Roux & Mair 2010).

2.2.2.3 Sampling and secondary data
Many studies use secondary data on individual-level characteristics from observational
studies that are linked to neighbourhood-level data. Such linked data can lead to the
possibility of too few participants residing in a particular neighbourhood limiting the
ability of studies to separate the individual and neighbourhood effect (O׳Campo et al.
2015). Also, the failure to include a range of important variables will prevent statistical
adjustment and provide less information on the environment–T2DM pathway. Finally,
data from databases such as GIS and census may not be accurate and do not reflect the
situation during the study period.
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2.2.2.4 Identification strategies
Stratification and regression methods including multi-level approaches are widely used
to adjust for individual-level characteristics that can confound the built environmenthealth connection (Diez-Roux 2007). Multilevel analysis also allows for exploration of
individual (compositional) and area (contextual) variations separately that help determine
the causal role of contextual characteristics (Subramanian, Jones & Duncan 2003). These
statistical techniques are not able to account for omitted and mismeasured variables.
Propensity score matching that limits the comparison to the area with overlapping
distributions or by balancing confounding factors among those exposed and unexposed
groups mimicking randomisation, can allow for better adjustment for these characteristics
(Austin 2011). This method, however, assumes that there are no unmeasured
confounders, and estimates are generated for comparable subgroups, and therefore, are
not generalisable. Instrumental variables estimation method that manipulates the
exposure by identifying variables (instruments) correlated to the exposure can adjust for
both measured and unmeasured confounders (Martens et al. 2006).

Longitudinal study designs allow assessment of temporal association accounting for
selective migration at the same time (Feng et al. 2010; O’Campo 2003). Including larger
areas and factors that determine the place to live (such as education, age etc.) may also
help overcome the issue of self-selection in cross-sectional studies (Feng et al. 2010;
Schaake, Burgers & Mulder 2014). Longitudinal data also permits assessment of the
cumulative environmental effect and examine the effect of duration of exposure and
changes in these characteristics over time. Application of GIS and statistical methods to
assess the reliability and validity of environmental and area-level exposure provides the
opportunity to better define and identify the neighbourhood context.

Ludwig et al. (2011) employed a randomised intervention design to assess the influence
of neighbourhood conditions on obesity and diabetes (Ludwig et al. 2011). Randomised
experimental studies help eliminate confounding by known and unknown factors.
Although preferred, it may not be nonetheless feasible and even ethical to conduct such
studies given the difficulty to randomly assign individuals to different environment
conditions and also policies are implemented in real settings on a huge scale (Black &
Macinko 2008; Diez Roux & Mair 2010). The requisite for a large number of
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neighbourhoods, incomplete understanding of specific interventions to be tested and
logistical challenges make conducting experimental study difficult (Diez Roux & Mair
2010). In addition to well-designed prospective studies, natural or quasi-experimental
designs comparing outcomes between those exposed and unexposed to environmental
changes, and policy evaluation studies can be conducted to inform causal inferences
(Cummins et al. 2005; Rutter 2007). Further, the meticulous application of the nine
criteria proposed by Bradford Hill can be useful in evaluating hypotheses and inducing
causal inference (Hill 1965). The criteria include the strength of association, consistency
of evidence, specificity, temporality, biological gradient, biologic rationale, coherence,
experimental evidence, and analogous evidence. It is equally important to note that the
effect of the built environment is expected to be small or modest compared to the effect
of individual-level characteristics proximate to health outcomes (Diez Roux & Mair
2010; Schulz, Romppel & Grande 2016).

Combining self-reported responses of several participants from the same neighbourhood
for a built environment attribute (Diez-Roux 2007), and including participants not part of
the outcome assessed (O’Campo 2003), may help circumvent the “same-source bias”
issue. The inclusion of an adequate number of participants using neighbourhood-based
sampling and using both aggregated and individual data can mitigate the problem of
inability to distinguish individual and contextual effect arising from too few participants
in an area when using individual-level data linked to neighbourhood data (O׳Campo et al.
2015). Collection of new and the use of most recent data that includes a wide range of
individual variables are also essential to generate robust evidence.

2.2.3 Methods
2.2.3.1 Search strategy
A literature search using four electronic databases, namely PubMed, Web of Science,
Science Direct, and Scopus, was conducted in April 2017. The keywords in Table 2.1
were searched in the titles and abstracts of the articles. Terminologies from other reviews
and those suggested by the review team members were used. The references of related
publications were also searched.
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2.2.3.2 Eligibility criteria
The inclusion criteria were: 1) quantitative studies reporting epidemiological data, 2)
investigated at least one built environment as a main variable and assessed its association
with T2DM and or prediabetes, i.e. impaired fasting glucose (IFG) and impaired glucose
tolerance (IGT), 3) published in English, 4) participants were ≥18 years, 5) used objective
and or subjective built environment measures, and 6) journal articles published since
2000. Studies that did not specify diabetes type were also included given that a majority
(~90%) are of T2DM (International Diabetes Federation 2017). Studies on T1DM and
gestational diabetes, and non-peer reviewed articles, commentaries, case reports and
conference papers were excluded.

Table 2.1: Terms used to search relevant literature
Sl
1
2
3

Search terms
type 2 diabetes OR non?insulin?dependent diabetes OR prediabetes OR diabetes mellitus
1 AND built environment OR neighbo?hood environment
1 AND walkability OR green space OR greenspace OR parks OR open space OR trees OR land
use mix
4
1 AND food environment OR supermarket OR fast food outlet OR cafe OR bar OR liquor store
OR restaurant
5
1 AND public transport OR street connectivity OR road traffic OR train OR bus
6
1 AND air pollution OR noise pollution
7
1 AND neighbo?hood safety OR neighbo?hood crime
8
1 AND amenit* OR recreational facilit*
9
1 AND access to primary health care OR health care accessibility OR access to health
care OR availability of health service OR availability of health care OR health facility
density OR proximity to health facility
* ?: truncation symbols used to enable search.

The built environment in this review refers to physical environmental surroundings
changed by human activities. These include footpaths, schools, homes, parks, greenspace,
highways, recreational facilities and amenities, roadways, pollution etc. that can influence
lifestyle and health (Frank, Kavage & Devlin 2012; Pasala, Rao & Sridhar 2010). The
built environment characteristics measured using physical observation, audits and GIS
were categorised as objective measures, while those features measured through
interviews and questionnaires were regarded as subjective measures (Lee & Moudon
2004; Mackenbach et al. 2014).
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2.2.3.3 Selection strategy and data collection
Figure 2.1 illustrates the process adopted to search for and select articles. All relevant
articles were downloaded onto the reference manager EndNote version 7. Two reviewers
independently examined the titles against the selection criteria, followed by abstract
review. Those studies requiring full-text assessment were reviewed again by both the
reviewers for the final selection. Discrepancies were resolved through discussion and
consultation with a third reviewer.

4221 articles identified (Scopus,
ScienceDirect, PubMed, Web of
Science)
797 duplicate papers removed by EndNote;
288 duplicates removed manually
Title reviewed for 3136 articles
Excluded 2962 that did not contain
information on diabetes and built
environment
174 articles selected for abstract
review

79 articles selected for full paper
review

95 papers were not related to diabetes and
or built environment, or were review
articles, and related to diabetes
management/mortality

23 excluded after full paper review & 4
papers included through references
60 articles included in the
systematic review

Figure 2.1: Flow chart illustrating the search and selection process

2.2.3.4 Data analysis
The data extracted from all selected articles is summarised in Table 2.2. The effect sizes
of fully adjusted models (where available) along with their interval estimates are
presented. The National Institutes of Health’s Quality Assessment Tool for Observational
Cohort and Cross-Sectional Studies was employed to assess the study quality and risk of
bias (National Institutes of Health 2014.). A “yes” or “no” response to different features
of quantitative studies that include study population, sample size, exposure and outcome
assessment, selection bias, confounding assessment, data collection approaches, and
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participant follow-up rate is used to assess the study quality. Individual papers were rated
as good, fair or poor quality. The evidence in the body of selected studies was narratively
synthesised.
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Table 2.2: Key characteristics of studies included in the systematic review
Author /
(year) #

Country /
(income
level)
United
Kingdom
(HIC)

Study
design

Sample /
Sex

Age
(yrs)

Exposure
focus

Environment
assessment

Outcome
assessment

Effect size / association
(95% CIs)

Factors adjusted

CSS

10476 /
men and
women

25–75

Green space

GIS

Blood test*

OR=0.45 (0.24–0.82),
highest vs lowest quartile.

Maas (2009)

Netherlands
(HIC)

CSS

343103 /
men and
children

< 12–
65+

Green space

Land cover
database

Medical
records

Astell-Burt
(2014)

Australia
(HIC)

CSS

267072 /
men and
women

45+

Green space

GIS

Selfreported

Ulmer (2016)

USA (HIC)

CSS

4820 /
men and
women

46
(mean
age),
adults
of <
65

Tree cover

High-resolution
imagery, remote
sensing

Selfreported

OR=0.98 (0.97–0.99), 0.98
(0.97–1.00) with 10% more
than average greenspace
within 1 km and 3 km
radius, respectively.
OR=0.99 (0.96–1.03), 0.90
(0.85–0.96), 0.90 (0.85–
0.96), 0.91 (0.84–0.99),
0.94 (0.85–1.03) for 21–
40%, 41–-60%, 61–-80%,
>80% of greenspace,
compared to <21%
greenspace.
OR=0.81 (0.64–1.03) for
10% increase in tree canopy
coverage.

Age, sex, ethnicity,
rural/urban, area social
deprivation, BMI, ethnicity,
objective PA, cholesterol
Age, sex, work status,
education, health insurance,
urbanicity

Auchincloss
(2009)

USA (HIC)

CS

2285 /
men and
women

45–84

PA and food
environment

Telephone
survey

Blood test /
insulin use /
medication
use / selfreported

Christine
(2015)

USA (HIC)

CS

5124 /
men and

45–84

PA and food
environment,

GIS, survey

Blood test /
insulin use /

Bodicoat
(2014)

HR=0.64 (0.44–0.95) for
PA and healthy food
combined.
HR=0.71 (0.48–1.05) and
0.63 (0.42–0.93) for PA and
healthy food resources
respectively, difference
between the 90th and 10th
percentiles.
HR=0.93 (0.82–1.06), 0.81
(0.68–0.96), 0.98 (0.88–

Study
quality
rating
Fair

Fair

Age, sex, marital status,
ancestry, birth country,
language, weight, distress
risk, smoking status,
hypertensive, diet, PA,
employment, education,
income, urban/rural, area
deprivation and remoteness
Age, gender, ethnicity,
marital status, education,
employment, English
proficiency, food security,
income, home ownership,
duration at current address,
smoking, insurance,
household size, poverty and
survey cycle, walkability
Age, sex, ethnicity,
household income and
assets, education, smoking
status, alcohol use, family
history of diabetes, BMI,
PA, diet

Fair

Age, sex, income, family
history of T2DM, stress,

Good

Fair

Good
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women

safety

medication
use

Gebreab
(2017)

USA (HIC)

CS

3670
/AfricanAmerican
men and
women

21–94

PA, food
environment

GIS, survey

Selfreported /
blood test /
medication
use

Polsky (2016)

Canada
(HIC)

CS

7079 /
men and
women

20–84

Fast food
restaurants
(FFRs)

ArcGIS,
database

Database

Mezuk (2016)

Sweden
(HIC)

CS

4718583
(varied for
specific
analysis) /
men and
women

35–80

Food
environment

GIS

Medical
records

Piccolo
(2015)

USA (HIC)

CSS

30–79

Food
environment,
open space,
crime/
disorder

GIS, police
department
website, food
establishment
data, interviews

Selfreported /
blood test

Bodicoat
(2014)

United
Kingdom
(HIC)

CSS

2746 /
men and
women
(three
ethnic
groups)
10461 /
men and
women

18–75

Food
environment

Online business
listings

Screendetected

1.10) for healthy food, PA
and social environment
respectively, corresponds to
an IQR increase.
HR=1.07 (0.87–1.32) for
violence, and 1.15 (0.92–
1.44) for problems,
difference between 90th and
10th percentiles.
HR=1.23 (0.98–1.55), 1.34
(1.12-1.650, and 1.11
(0.97–1.26) for favourable
food, unfavourable food
and PA resources
respectively.
HR=1.27 (0.78–2.06),
corresponds to one IQR
increase in percentage of
FFRs.
HR=0.95 (0.87–1.04) and
0.92 (0.84–1.01) for
absolute FFRs and total
restaurants respectively.
OR=2.11 (1.57–2.82) for
incident, 1.85 (1.51–2.26)
for prevalent cases.
OR=3.67 (2.14–6.30)
among those locating to
areas with more health
harming food, 1.72 (1.27–
2.33) among those who did
not move but gained access
to more health harming
food outlets.
OR=0.53 (0.25–1.15) for
those living a mile farther
from a grocery store.

educational level,
race/ethnicity, alcohol use,
smoking, BMI, diet, PA,
neighbourhood SES
Age, gender, family
diabetes history, BMI,
physical activity and diet

RR=1.02 (1.00–1.04),
(p=0.02) for every increase
in fast-food outlet number.

Fair

Sex, age, ethnicity,
immigration status,
education, income,
smoking, residence city,
area disadvantage,
walkability, survey cycle,
BMI

Fair

Age, sex, education,
income, neighbourhood
deprivation

Fair

Race, gender, age, income,
education, PA, BMI,
poverty

Fair

Social disadvantage, age,
sex, rural/urban, ethnicity

Poor
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Morland
(2006)

USA (HIC)

CSS

10763 /
men and
women

49–73

Food
environment

Agriculture and
environmental
health data, GIS

Selfreported on
antidiabetics /
blood test

Frankenfeld
(2015)

USA (HIC)

ES

3227
blocks

> 18

Food
environment

GIS, database

Selfreported

Auchincloss
(2008)

USA (HIC)

CSS

2026 /
men and
women

45–84

PA and food
environment

Survey

Blood test /
diabetes
treatment

Stewart
(2011)

USA (HIC)

ES

442830 /
men and
women

> 18

Food
environment

Business
directory, GIS

Database

Drewnowski
(2014)

USA (HIC)

ES

> 18

Food
environment,
home value

Food
environment
index

Database

Salois (2012)

USA (HIC)

ES

59767
(371
census
tracts) /
men and
women
3051
counties

> 20

Food
environment
and,
recreational
and natural
amenities

Food
environment
atlas

Selfreported

PR=0.96 (0.84–1.10), 1.11
(0.99–1.24), 0.98 (0.86–
1.12) lived in areas with
supermarkets, grocery
stores and convenience
stores respectively.
Significantly lower diabetes
prevalence in food source
subtypes with greater
restaurant and speciality
food than those with
grocery store within the
healthier options category.
Decrease by 6% (-30%–
27%), increase by 22% (10%–64%), 14% (2%–
27%) and 3% (-7%–14%)
for PA resources, healthy
food resources, distance to
PA resources and distance
to healthy food resources,
respectively, corresponding
to difference between 90th
and 10th percentile.
OR=0.4 (0.09–1.41) and
1.5 (0.41-5.63) for per
capita FFRs and
convenience stores
respectively
β= ₋0.6 (₋0.9 to ₋0.2) for
each 50% increase in
median home value.
No association for retail
food environment.

Age, income, sex, race, PA,
education, types of food
stores and service places

Poor

Neighbourhood SES and
demographic factors

Poor

Age, sex, family diabetes
history, income and
education, ethnicity, PA,
diet, BMI

Fair

Area-level SES, rurality,
unemployment index

Poor

Age, ethnicity, population
density, area-based
socioeconomic variables,
obesity

Poor

Significant positive
association with diabetes
for % of household without
car and >1 mile to store, %
low income and >1mile to
store, fast-food restaurant
density, convenience stores
without gas density.

Ethnicity, income, poverty
rate

Poor
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Alhasan
(2016)

USA (HIC)

ES

46
counties /
men and
women

> 20

Food
environment

Agriculture
database

Institutional
records

Ahern (2011)

USA (HIC)

ES

3128
counties /
men and
women

> 20

Food and
recreational
environment

Food
environment
atlas

Database

Paquet (2014)

Australia
(HIC)

CS

3205 /
men and
women

≥ 18

Walkability,
POS, food
outlets

ArcGIS, road
network
distance, retail
database

Blood test

Booth (2013)

Canada
(HIC)

CS

1239262 /
men and

30–64

Walkability

Walkability
quintile using

Database

Significant negative
association for full-service
restaurant and farmer’s
market density. Other
characteristics not
significant.
β= ₋0.55 (p=0.54), 0.89
(p=0.31), ₋0.40 (p=0.97),
₋3.70 (p=0.09) for density
of fast food restaurants,
convenience stores, super
stores and grocery stores
respectively.
β=0.07 (p=0.01), 0.41
(p=0.07), ₋0.15 (p=0.04),
₋0.37 (p=0.09), 0.03 (0.06),
₋0.01 (p=0.004), ₋0.12
(p=0.21) for % households
without car living >1 mile
from grocery store, fastfood restaurants per 1000,
full service restaurants per
1000, grocery store per
1000, convenience stores
per 1000, direct farm sales
per capita, and recreational
facilities per 1000
respectively.
RR=0.99 (0.90–1.09), 0.88
(0.80–0.97) and 1.00 (0.92–
1.08) for one standard
deviation increase in
relative unhealthy food
environment, walkability
and POS count respectively.
RR=0.75 (0.69–0.83), 1.01
(0.90–1.13), 1.09 (0.97–
1.22) for one standard
deviation increase in POS
size, POS greenness and
POS type respectively.
RR=1.58 (1.42–1.75), 1.67
(1.48–1.88) among recent

County level PA, obesity,
recreational facility,
education, unemployment,
access to stores, household
car ownership and
race/ethnicity

Fair

Sex, poverty, doctors’
availability,
nativity/ethnicity,
education, smoking, obesity

Poor

Age, gender, income,
education, follow up
duration, neighbourhood
deprivation

Fair

Age, income (area poverty)

Fair
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women

GIS

Sundquist
(2015)

Sweden
(HIC)

CS

512061 /
men and
women

> 18

Walkability

Walkability
index

Drug
registers

Lee (2015)

Korea (HIC)

CSS

16178 /
men and
women

≥ 20

Walkability

GIS, physical
observation

Database

Glazier (2014)

Canada
(HIC)

ES

10180
blocks /
men and
women

30–64

Walkability,
walkable
destinations

Walkability
index

Database

MüllerRiemenschnei
der (2013)

Australia
(HIC)

CSS

5970 /men
and
women

≥ 25

Walkability

Walkability
index using GIS

Selfreported

Creatore
(2016)

Canada
(HIC)

CS

>2770000
/ men and
women

30–64

Walkability

Walkability
index using GIS

Database

immigrant men and women
respectively.
RR=1.32 (1.26–1.38), 1.24
(1.18–1.31) among longterm men and women
residents respectively,
living in least walkable
areas.
OR=1.33 (1.13–1.55) when
adjusted for neighbourhood
deprivation, and
OR=1.16 (1.00–1.34) upon
addition of individual
sociodemographic factors.
OR=0.97 (0.30–2.46), 1.07
(0.91–1.25), 1.23 (1.07–
1.42) for residential density,
street connectivity and land
use mix respectively, lowest
compared to highest deciles
of walkability.
OR=0.86 (0.75–0.99) living
in more compared to living
in less walkable
environment.
PRR=1.33 (1.33–1.33), 1.26
(1.26–1.26) for walkability
index and destination within
800m, respectively for the
lowest compared to highest
quintile.
All individual walkability
components were
significant.
OR=0.79 (0.52–1.21)
among participant of most
walkable areas. Significant
when not adjusted for PA
and sedentary behaviour
Incidence lower by 1.7 per
1000 persons (CI ₋2.8 to ₋
0.7) in the highest
compared to lowest

Age, gender, income,
education, neighbourhood
deprivation

Fair

Smoking, alcohol use, age,
sex, income

Fair

Prevalence rate adjusted for
area-level age and sex

Poor

Age, sex, income, marital
status, education, physical
activity, sedentary
behaviour

Fair

Neighbourhood age
difference, sex, income,
ethnicity

Fair
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walkability areas.
OR=1.02 (0.95–1.10), 1.12
(0.86–1.45), 1.01 (0.77–
1.32), 0.99 (0.88–1.11) and
0.99 (0.95–1.03) for
increased levels of
infrastructure, recreational
in walking distance,
recreational space, safety
perception, and area
disorder, respectively.
OR=1.85 (1.04–3.30) and
2.12 (1.12-4.02) for adverse
housing conditions adjusted
for behaviour and
sociodemographic factors
respectively.
No association with
neighbourhood conditions.
β = ₋0.0015 and ₋0.0016,
(p=0.05) for original and
refined compactness index,
respectively.
OR=0.72 (0.55–0.95), 0.52
(0.39–0.69) living in
moderate and higher levels
of slope, respectively.
OR=0.87 (0.80–0.94) for
each increase in a % mean
slope.

CunninghamMyrie (2015)

Jamaica
(UMIC)

CSS

2848 /
men and
women

15–74

Area
infrastructure,
recreational
space,
walking
distance,
safety

Interviewer
assessment

Selfreported /
blood test

Schootman
(2007)

USA (HIC)

CS

644 / men
and
women
(AfricanAmerican)

56.2
(mean
age)

Area and
housing
conditions

Physical
observation,
survey

Selfreported

Ewing (2014)

USA (HIC)

ES

Different
sample
sizes

≥ 30

Urban sprawl

Compactness
index using GIS

Selfreported

Villanueva
(2013)

Australia
(HIC)

CSS

15954 /
men and
women

≥ 25

Slope

GIS

Selfreported

Kauhl (2016)

Germany
(HIC)

ES

All
ages

General
practitioners

No association (effect size
not provided).

Germany
(HIC)

CS

18–79

Traffic

Inhabitants to
practitioner
ratio, street
maps
Self-reported

Database

Heidemann
(2014)

1.79
million /
men and
women
3604 /
men and
women

Selfreported / on
anti-diabetic
drugs /
insulin

OR=1.15 (0.80–1.67), 1.11
(0.69–1.80), 1.41 (0.96–
2.08), and 1.97 (1.07–3.64)
for moderate, considerable,
heavy, and extreme
respectively than no / very
rare traffic.

Age, sex, fruit and
vegetable consumption

Poor

Age, gender, income,
education, marital status,
employment, duration of
stay at current address,
home ownership, sampling
strata

Good

Sex, age, race, income,
education, smoking, fruits
and vegetables consumption

Poor

Age, sex, education,
income, PA, diet, and
destination to parks, retail,
health services, recreation,
fast food / takeaway, larger
food outlets,
restaurants/cafes, coffee,
other food
Not reported.

Fair

Sex, age, smoking, passive
smoking, heating of house,
education, waist size,
sports, parental history of
diabetes

Fair

Poor
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WardCaviness
(2015)

USA (HIC)

CSS

2124 /
men and
women

61.3
(mean
age)
(adults
)
50–64

Traffic, road
proximity

GIS

Blood test

Sorensen
(2013)

Denmark
(HIC)

CS

53673 /
men and
women

Traffic,
railway noise

SoundPLAN,
Nordic
prediction
method using
GIS

National
registry

Eriksson
(2014)

Sweden
(HIC)

CS

5156 /
men and
women

35–56

Aircraft noise

GIS

Blood test

Eze (2017)

Switzerland
(HIC)

CS

2363 /
men and
women

Adults

Noise, NO2,
PM2.5

Noise emission
and propagation
models,
dispersion and
land use
regression
models

Blood test /
self-reported
on
medication

Dzhambov
(2016)

Bulgaria
(HIC)

CSS

513 / men
and
women

> 18

Noise, PM2.5,
BaP (benzo
alpha pyrene),
traffic

Dispersion
models, traffic
noise maps and
surveys

Selfreported
₋

OR=1.00 (0.88–1.13) for an
IQR decrease in the
distance to roadways. No or
no strong association by
traffic exposure zones.
IRR=1.08 (1.02–1.14) and
1.11 (1.05–1.18) for a 10
dB higher level of road
traffic noise at current
residence and during 5
years preceding diagnosis
for all diabetes.
IRR=0.97 (0.89–1.05) and
1.01 (0.91–1.11), for
exposure to railway noise of
> 60 dB among all and
confirmed diabetes,
respectively.
OR=0.91 (0.78–1.04), 1.03
(0.84–1.26) for prediabetes
and T2DM respectively, for
a unit increase in noise.
RR=1.35 (1.02–1.78), 1.87
(0.96–3.62), 0.94 (0.71–
1.24), 0.87 (0.60–1.22) for
per IQR increase in dayevening-night road noise,
aircraft noise, railway noise
and NO2 respectively.
HR=2.08 (1.06–4.08)
among those in highest
noise level quartile.
No strong associations with
PM2.5.
OR=4.49 (1.38–14.68) for
day-evening-night
equivalent sound of 71–80
dB compared to 51–70 dB.
OR=1.32 (0.28–6.24) for
PM2.5 25.0–66.8 μg/m3 than
0.0–25.0 μg/m3.
OR=1.76 (0.52–5.59) for
BaP 6.0–14.02

Ethnicity, sex, BMI,
smoking, home value

Fair

Age, sex, BMI, waist size,
smoking, environmental
tobacco smoke, saturated fat
intake, alcohol, sports,
bicycling, walking, fruit and
vegetables, air pollution,
lifestyle education,
occupation, area SES, NOx
exposure

Good

Sex, age, family history,
SES, PA, tobacco, distress,
mean income,
unemployment rate
Age, sex, education, area
SES, income, crowding,
mean household rent,
smoking, passive-smoke
exposure, alcohol, fruit and
vegetable consumption, PA,
BMI, noise annoyance,
green areas

Fair

Age, gender, ethnicity,
education, marital status,
occupation, SES, BMI, PA,
diet, alcohol use, smoking,
family history of diabetes,
duration of stay at current
address, bedroom location,
sleeping with open
windows, sleep disturbance

Fair

Fair
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Andersen
(2012)

Denmark
(HIC)

CS

51818 /
men and
women

50–65

NO2, NOx,
road
proximity,
traffic

AirGIS human
exposure
modelling

National
register

Coogan
(2012)

USA (HIC)

CS

3992 /
women
(African
origin)

21–69

PM2.5, NOx

Kriging for
PM2.5 and land
use regression
model for NOx

Selfreported

Coogan
(2016)

USA (HIC)

CS

43003 /
women
(African
origin)

≥ 30

NO2

Land use
regression
model and
dispersion
model

Selfreported

Chen (2013)

Canada
(HIC)

CS

60076 /
men and
women

≥ 35

PM2.5

Satellite based
estimation using
spectroradiomet
er

Database

ng/m3 compared to 0.0–6.0
ng/m3.
OR=1.40 (0.8–4.07) for
high self-reported traffic
intensity.
HR=1.00 (0.97–1.03), 1.00
(0.97–1.04), 0.98 (0.95–
1.01), 1.00 (0.90–1.11),
1.00 (0.98–1.02), 1.01
(0.98–1.03) for an IQR
increase in NO2 1971 to
follow-up, NO2 1991 to
follow-up, NO2 at baseline,
major road within 50m,
traffic load within 100m
and NO2 at follow-up
respectively, among all
diabetes cases.
HR=1.04 (1.00–1.08), 1.04
(1.01–1.07), 1.02 (0.98–
1.05), 1.07 (0.95–1.21),
1.02 (1.00–1.04), 1.04
(1.01–1.07) corresponding
effect among confirmed
cases. Similar but weaker
associations for NOx.
IRR=1.15 (0.51–2.58), 1.24
(1.05–1.45), corresponding
to 10 units PM2.5 increase
and IQR increase of NOx
respectively.
HR=0.96 (0.88–1.06), 0.94
(0.80–1.10) using land use
regression and dispersion
model respectively,
corresponds to per IQR
increase.
HR=1.11 (1.02–1.21) for 10
μg/m3 increase.

Age, sex, BMI, waist-to-hip
ratio, smoking,
environmental tobacco
smoke, education, PA,
alcohol intake, fruit and fat
intake, calendar year

Good

Age, BMI, education,
income, number of
household members,
smoking, drinking, PA,
neighbourhood SES, family
history of diabetes
Age, metropolitan area,
education, vigorous
exercise, BMI, smoking,
diet

Fair

Smoking, sex, marital
status, education, household
income, BMI, PA, smoking,
alcohol, diet, hypertension,
urbanicity, race, and area

Good

Fair
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Coogan
(2016)

USA (HIC)

CS

43003 /
women
(African
origin)

30–69

PM2.5

Land-use
regression and
Bayesian
maximum
entropy models
Bayesian spacetime model
using
monitoring data.

Selfreported

HR=0.99 (0.90–1.09) per
2.9 μg/m3 increase.

Jerrett (2017)

USA (HIC)

CS

43003 /
women
(AfricanAmerican)

21–69

Ozone

Selfreported

PM2.5

Satellite-based
estimates

Database

HR=1.18 (1.04–1.34) for an
IQR increase in O3.
HR=1.20 (1.05–1.37) and
1.13 (0.97–1.31) upon
PM2.5 and NO2 adjustment,
respectively.
PRR=1.28 (1.16–1.41), and
IRR = 1.28 (1.13–1.45)
corresponds to per unit (10
μg/m3) increase.

To (2015)

Canada
(HIC)

CS

29549 /
women

40–59

Puett (2011)

USA (HIC)

CS

89460 /
men and
women

30–55

PM2.5, PM10,
PM10-2.5, road
proximity

Spatiotemporal
models using
monitoring and
GIS data,
distance using
GIS

Selfreported

Kramer
(2010)

Germany
(HIC)

CS

1775 /
women

54–55

PM10, NO2,
soot

Monitoring
station and
emission
inventory data,
land use
regression
model

Selfreported

HR=1.03 (0.96–1.10), 1.04
(0.99–1.09), 1.04 (0.99–
1.09) for an IQR increase in
PM2.5, PM 10 and PM10-2.5,
respectively.
HR=1.11 (1.01–1.23), 0.96
(0.63–1.48), 0.96 (0.87–
1.06) for 0–49m, 50–99m
and 100–199m respectively,
than >200m.
HR=1.14 (1.03–1.27) for
<50m than >200m in
women.
HR=1.16 (0.81–1.65),
1.34 (1.02–1.76) for PM10
and NO2 respectively from
monitoring stations.
HR=1.15 (1.04–1.27), 1.15
(1.04–1.27) for PM and
NO2 from emission
inventory.
HR=1.27 (1.09–1.48), 1.42
(1.16–1.73) for soot and
NO2 from land use

SES, comorbid conditions
Age, metro area,
questionnaire cycle, BMI,
area SES, education,
exercise, diet

Good

Age, period, city, smoking,
education, fruit and
vegetable, PA, family
history of diabetes, BMI,
area SES

Fair

Age, education, occupation,
marital status, smoking,
BMI, mean income,
proportion with high school
education, low income
households, unemployment,
smoking, obesity
Age, season, year, state of
residence, time varying
covariates (smoking,
hypertension, alcohol
consumption, diet), PA,
BMI

Fair

Age, BMI, fossil fuel
heating, workplace
exposure, temperature,
smoking, education

Good

Good
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Hansen
(2016)

Denmark
(HIC)

CS

24174 /
women

> 44

PM2.5, PM10,
NO2, NOx

AirGIS
dispersion
model

Diabetes
register

Weinmayr
(2015)

Germany
(HIC)

CS

3607 /
men and
women

45–75

PM2.5, PM10,
road
proximity

Dispersion and
transport model
using emission,
meteorology
and topography
data, GIS

Selfreported/ on
medicine/
blood test

Park (2015)

USA (HIC)

CS

10974 /
men and
women

45–84

PM2.5, NOx,
roadway
proximity

Spatiotemporal
model based on
air quality, land
use and traffic
data. ArcGIS,
road network.

Blood test

Tong (2015)

China
(UMIC)

CSS

~ 77000 /
men and
women

>4

PM10, SO2,
NO2

Environment
monitoring
website

Database

Teichert
(2013)

Germany
(HIC)

CSS

363 /
women

54–55

NOX, NO2,
PM2.5absorbance,
PM2.5,

GIS, monitoring
station data and
land use

Blood test

regression (corresponds to
per IQR increase).
HR=1.11 (1.02–1.22), 1.06
(0.98–1.14), 1.05 (0.99–
1.12), 1.01 (0.98–1.05) per
IQR increase in PM2.5,
PM10, NO2 and NOx
respectively.
HR=1.41 (1.05–1.88), 1.22
(0.93–1.59) per 10 μg/m3
IQR increase in PM2.5 and
PM10.
RR=1.05 (1.00–1.10), 1.03
(0.95–1.12), 1.36 (0.98–
1.89), 1.36 (0.97–1.89) per
1 μg/m3 increase of
PM10ALL, PM2.5ALL,
PM10TRA, PM2.5TRA,
respectively.
RR=1.37 (1.04–1.81), 0.77
(0.57–1.04) for <100m and
100–200m of distance to
major road than >200m.
OR=1.16 (0.94–1.42), 1.29
(0.94–1.76) for an IQR
increase in PM2.5 and NOx,
respectively.
HR = 1.05 (0.87–1.26), 1.04
(0.77–1.40) for incident
cases.
No significant association
for major roadways
proximity.
% diabetes morbidity
increase=0.39% (₋0.42 to
1.12), 0.15% (₋0.25 to
0.54), 1.22% (0.51–2.96)
for increase in 10 μg/m3 of
PM10, SO2 and NO2,
respectively.
OR=1.218 (0.909–1.630),
1.224 (0.926–1.617), 1.110
(0.889–1.385), 1.117

Age, calendar year,
smoking, PA, alcohol use,
fruit and vegetable
consumption, fat
consumption, employment,
marital status, BMI,
hypertension, myocardial
infarction

Good

Age, sex, lifestyle factors,
BMI, individual and area
SES, city

Fair

Age, sex, race/ethnicity,
family history of diabetes,
education, smoking, alcohol
consumption, PA, area SES,
BMI, study site

Good

Age, sex, seasonality, timevarying influences on
admission, temperature
/humidity, day of the week

Poor

Age, BMI, smoking,
passive smoking, indoor
mould, education, and

Fair
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Tahmasebi
(2015)

Iran
(UMIC)

CSS

Sohn (2017)

South Korea
(HIC)

CSS

Lazarevic
(2015)

Australia
(HIC)

Eze (2014)

Liu (2016)

PMcoarse, PM10

regression
models

1467 /
men and
women
96068 /
men and
women

Adult

Air quality

ArcGIS

Selfreported

46.7
(mean
age)

PM10, SO2

Monitoring
station data

Selfreported

CSS

26991 /
women

31–
36,
59–
64,
and
85–90

NO2, road
proximity

Satellite-based
land use
regression
models

Selfreported

Switzerland
(HIC)

CSS

6392 /
men and
women

29–73

PM10, NO2

Dispersion
models, a
hybrid model
involving land
use regression
model.

Selfreported /
blood test /
on
medication

China
(UMIC)

CSS

11847 /
men and
women

≥ 45

PM2.5

ArcGIS,
satellite model
using
spectroradiomet
er

Blood test /
self-reported

(0.808–1.543), 1.075
(0.833–1.388), 1.145
(0.896–1.465) corresponds
to an increase in one IQR of
NO2, NOx, PM2.5absorbance,
PM2.5, PMcoarse, PM10,
respectively.
No significant association
found. (R2=0.08).

season of blood sampling

Not mentioned

Poor

OR=1.003 (0.998–1.008),
1.008 (1.003–1.013) with
each 1000ppm increase in
PM10 among males and
females, respectively.
OR=0.979 (0.952–1.006),
1.032 (1.004–1.062) with
each 1000ppm increase in
SO2 among males and
females, respectively.
RR=1.04 (0.90–1.20), 0.99
(0.95–1.04), 0.98 (0.94–
1.02) corresponding to an
IQR NO2 increase, doubling
in the distance to major
road and doubling in the
distance to minor road,
respectively.
OR=1.19 (1.03–1.38), 1.40
(1.17–1.67) corresponding
to per 10 μg/m3 increase in
NO2 and PM10 respectively,
for single pollutant model.
OR=1.02 (0.84–1.25), 1.37
(1.02–1.84) for twopollutant model.
PR=1.14 (1.08–1.20) for an
IQR increase in PM2.5.

Age, BMI, household
income, economic activity,
education, and smoking

Fair

Age, BMI, smoking,
alcohol consumption, PA,
fruit and vegetable intake,
residential urbanisation,
temperature, marital status,
education, financial
resources

Fair

Age, sex, BMI, education,
area SES, smoking,
environmental tobacco
smoke, alcohol use,
occupational exposure, fruit
and vegetable consumption,
noise exposure

Fair

Age, sex, residence
location, education, BMI,
smoking, alcohol use,
heating energy type, ozone

Fair
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Dijkema
(2011)

Netherlands
(HIC)

CSS

8018 /
men and
women

50–75

NO2, road
proximity,
traffic

Land use
regression, GIS

Selfreported /
blood test

Brook (2008)

USA (HIC)

CSS

7634 /
men and
women

≥ 40

NO2

ArcGIS

Database

Chien (2015)

USA (HIC)

ES

3109
counties

> 18

PM2.5

Air quality
monitoring
system data

Selfreported

Pearson
(2010)

USA (HIC)

ES

766
counties /
men and
women

≥ 20

PM2.5

Database and air
model data

Selfreported

OR=0.80 (0.63–1.02), 0.88
(0.70–1.13), 0.96 (0.75–
1.22), 1.09 (0.85–1.38) in
the highest than lowest
quartile of NO2, distance to
main road, traffic flow,
traffic within 250m buffer,
respectively.
OR=1.04 (1.00–1.08), 0.99
(0.95–1.03), 1.015 (0.98–
1.049) for females, males
and both sexes respectively,
corresponds to increases in
over 1 ppb.
RR=₋5.47% (-6.14 to ₋4.77)
to 2.34% (2.0–2.70),
increase for every unit
increase in PM2.5
concentration.
β=0.78 (0.39–1.25), 0.81
(0.48–1.07) for 2004 and
2005 respectively,
corresponds to % increase
per 10 μg/m3.

Income, age, gender

Poor

Age, BMI, neighbourhood
income

Poor

SES variables (male,
education, ethnicity family
income, occupation, health
insurance — all in %), PA,
obesity and smoking
prevalence, time
Age, sex, income,
education, ethnicity, health
insurance, obesity, PA,
latitude, population density

Poor

Poor

#

only the surname of the first author is used in this table, CI: confidence intervals, HIC: high-income country, CSS: cross-sectional study, GIS: geographic information system,
*includes all blood test to diagnose T2DM, OR: odds ratio, BMI: body mass index, PA: physical activity, CS: cohort study, HR: hazard ratio, IQR: inter quartile range, T2DM:
type 2 diabetes mellitus, SES: socioeconomic status, RR: relative risk, PR: prevalence ratio, ES: ecological study, POS: public open space, PRR: prevalence rate ratio, UMIC:
upper middle-income country, IRR: incidence rate ratio, NOx: nitrogen oxides, PM: particulate matter of different sizes, SO2: sulfur dioxide, ppm: parts per million, ppb: parts
per billion.
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2.2.4 Results
Of the total 4221 articles, 1085 duplicates were removed (Figure 2.1). Upon reviewing
the titles and abstracts, 3057 were excluded, leaving 79 articles for full paper review. A
total of 60 studies were selected and assessed for the review. An overview of the assessed
studies is provided in Table 2.3. The number of studies increased drastically in the recent
years (Figure 2.2). Almost all the studies were from high-income countries. There were
almost equal number of cross-sectional and cohort studies and there were no experimental
studies. Many studies used secondary data from studies designed for other purposes and
linked it with area-level environmental characteristics.

Table 2.3: Summary of studies reviewed
Characteristics
Study year (publication)

Study design

Country

Country income level
Built environment focus

Air pollutants

Noise pollution source

Categories
2005–2006
2007–2008
2009–2010
2011–2012
2013–2014
2015–2017
Cohort / longitudinal
Cross-sectional
Ecological
USA
Canada
Germany
Australia
Others ii
High-income country
Upper-middle income country
Distance to roadways
Food environment
Physical activity resources
Walkability iii
Neighbourhood conditions iv
Crime / physical disorder / safety
Green space / tree canopy
Open space
Others v
Air pollution/quality
Noise pollution
- PM2.5 (particulate matter of <2.5µm)
- NO2 (nitrogen dioxide)
- PM10 (particulate matter of <10µm)
- NOx (nitrogen oxides)
- SO2 (sulfur dioxide)
- PM10-2.5 (particulate matter of 2.5–10µm)
- BaP (benzo alpha pyrene)
- Ozone
- Soot
- Air quality
- Traffic noise
- Railway noise
- Aircraft noise

Number i
1
2
5
7
17
28
26
24
10
24
6
5
5
20
56
4
7
17
8
7
4
4
4
2
4
25
4
14
11
8
5
2
2
1
1
1
1
3
2
2

45

Built environment measurement

Outcome

Outcome assessment

Association

Study quality viii

Objectively measured
Reported by study participants / surveys
Survey and objective measures combined
Type 2 diabetes mellitus
Diabetes mellitus
Prediabetes and diabetes mellitus
Self-reported vi
Blood sugar tests vii
Database/registers/records
Significant in expected direction
Non-significant in expected direction
Non-significant in unexpected direction
Null association
Good
Fair
Poor

51
3
6
25
35
4
25
13
22
82
81
33
6
11
32
17

i

study may be counted more than once since several built environment characteristics were assessed in
some studies; ii includes UK, Netherlands, Sweden, Korea, Denmark, Switzerland, China, Bulgaria, Iran,
and Jamaica; iii also include studies that assessed walkable destinations; iv one each of neighbourhood and
housing conditions, infrastructure, and home value; v include urban sprawl, area-level slope, natural
amenities and general practitioners; vi combination of self-reported and blood sugar tests are included under
blood sugar tests; vii blood sugar tests also include HbA1c; viii study quality was assessed using the National
Institutes of Health’s quality assessment tool for observational cohort and cross-sectional studies (National
Institutes of Health 2014.).

Diabetes diagnosis was based on self-report in many studies (Table 2.3). Those with
prediabetes were included under diabetes in four studies, and one among them (Eriksson
et al. 2014) assessed the effect for diabetes and prediabetes separately. Three studies used
survey or interviews and another six used a combination measure (GIS and or database
and surveys) to assess built environment characteristics. The most common
environmental characteristics assessed were walkability, physical activity resources, food
environment, roadway proximity, and air pollution. There was only one study that
investigated urban sprawl, area-level slope, and availability of general practitioners. A
little over half of the studies were of fair quality while 18% were of good quality. Many
of the studies rated as good quality assessed air pollution.

Of the more than 200 relations reported and extracted, 82 showed significant association
in the expected direction (Table 2.3). Several studies that included younger adults (<30
years of age) tended to show no strong or no statistically significant results (CunninghamMyrie et al. 2015; Drewnowski et al. 2014; Gebreab et al. 2017; Maas et al. 2009; Pearson
et al. 2010; Polsky et al. 2016; Stewart et al. 2011). Most (Booth et al. 2013; Coogan et
al. 2012; Gebreab et al. 2017; Hansen et al. 2016; Jerrett et al. 2017; Kramer et al. 2010;
Schootman et al. 2007; To et al. 2015), but not all (Coogan, White, Yu, Burnett, Marshall,
et al. 2016; Coogan, White, Yu, Burnett, Seto, et al. 2016; Lazarevic et al. 2015; Teichert
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et al. 2013) studies conducted among ethnic groups and women also showed stronger
associations. This trend was mainly found in studies that assessed air pollution. The
findings for specific environmental characteristic in relation to T2DM risk are
summarised in the subsequent paragraphs.

Figure 2.2: Number of studies and built environment characteristics studied by year
Physical include roadways proximity, walkability, open space, green space, tree canopy, traffic, noise,
urban sprawling, slope; Amenities include food and physical activity environment, recreational facilities,
transport system, health service; Social include safety, violence, crime, physical disorder, area and housing
conditions, and infrastructure.

2.2.4.1 Walkability
Walkability is defined as the degree to which an area is conducive to and supportive of
walking (Leslie et al. 2007). It is expressed in terms of density, land use mix, design,
connectedness, distance and destination accessibility, and safety and aesthetics often are
also included. Almost all studies (Booth et al. 2013; Creatore et al. 2016; Glazier et al.
2014; Müller-Riemenschneider et al. 2013; Paquet et al. 2014; Sundquist et al. 2015)
applied a walkability index using at least three or more of such attributes. One study that
used physical observation in addition to GIS measure (Lee et al. 2015). Paquet et al.
(2014) found that a one standard deviation increase in walkability attenuated the risk of
diabetes by 12%. Another two cohort studies also found significantly increased diabetes
risk among those living in the least walkable environment (Booth et al. 2013; Sundquist
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et al. 2015), and one noted a slightly elevated effect among women, long-term residents,
and recent immigrants (Booth et al. 2013). The follow-up period was 3.5 years in the
former study and 5 years in the latter. Further, the former study did not account for
changes in environment and residents, while the latter study lacked information on BMI,
PA, ethnicity, and food environment. A time series study also found similar significant
protective effect of area walkability on diabetes (Creatore et al. 2016).

Similarly, a higher level of walkability was found to be associated with lower diabetes
risk in a cross-sectional (Lee et al. 2015) and an ecological study (Glazier et al. 2014).
Another study found a non-significant lower T2DM (self-reported) probability among
those living in the most walkable areas (Müller-Riemenschneider et al. 2013). The effect
appeared to be stronger among men and was significant when not controlled for physical
activity and sedentary behaviour. Sundquist et al. (2015) noted no difference among
siblings living in areas with different walkability levels and the association lost
significance when adjusted for sociodemographic factors. This study did not capture those
people likely not to be on medication and could have underestimated the effect. Booth et
al. (2013) observed significant interaction between income and walkability with higher
risk among low-income groups. Many studies did not account for safety, traffic, noise,
pollution, crime and food environment (Booth et al. 2013; Glazier et al. 2014; Lee et al.
2015; Müller-Riemenschneider et al. 2013; Sundquist et al. 2015).

Two studies assessed the impact of individual components of walkability. Only land use
mix retained significance in one study (Sundquist et al. 2015), whereas all components
were significant in the other (Glazier et al. 2014). The latter study, however, did not adjust
for socioeconomic and demographic factors. Urban compactness, a measure correlated
with walkability, was shown to be linked with lower diabetes prevalence in an ecological
study (Ewing et al. 2014).

2.2.4.2 Physical activity resources
Of the seven studies that assessed physical activity resources (such as local sports clubs,
facilities for golf, biking, swimming, racquet sports, hiking and other resources that
promote exercise), two used a survey measure (Auchincloss et al. 2008; Auchincloss et
al. 2009), one used interviewer assessment (Cunningham-Myrie et al. 2015), two used a
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combination of survey and GIS measure (Christine et al. 2015; Gebreab et al. 2017), and
another two used information from databases (Ahern, Brown & Dukas 2011; Salois
2012). A cohort study using a combined physical activity resources measure (GIS and
survey) found a reduction in diabetes risk by 19% for an interquartile increase in physical
activity resources (Christine et al. 2015). A stronger effect was evident when a surveybased measure was used. Whereas, a non-significant reduction in T2DM risk with an
increase in physical activity resources was observed in another cohort study (Auchincloss
et al. 2009), and in a cross-sectional study that used survey-based measure (Auchincloss
et al. 2008). A few other studies also displayed no significant association for availability
and distance to recreational and physical activity resources (Ahern, Brown & Dukas 2011;
Cunningham-Myrie et al. 2015; Gebreab et al. 2017; Salois 2012). Auchincloss et al.
(2009) noted a significant decrease in T2DM risk when the combined measure of physical
activity and healthy food was used and the effect was significant when not accounted for
BMI. This study did not find significant difference in risk when assessed by duration lived
in the neighbourhood.

2.2.4.3 Food environment
Most studies applied presence of and proximity to food environments within an area
measured using GIS, information from databases, business listings, and surveys. A few
studies used a ratio or an index of healthy or unhealthy food environments (Frankenfeld,
Leslie & Makara 2015; Mezuk et al. 2016; Paquet et al. 2014). None of the studies
accounted for exposure to food environments outside of the neighbourhood, such as in
the workplace, and access to farmers and to fruit and vegetable markets were assessed
only in a few studies.

A cohort study that interviewed participants showed that the risk of T2DM decreased by
37% among those with highest access to healthy food environments as compared to those
with least access to such environments (Auchincloss et al. 2009). Mezuk et al. (2016),
using unhealthy to total food outlets ratio, reported that gaining access to more unhealthy
food either in the same area or by relocating to a new place was associated with a higher
T2DM risk. This study did not control for physical activity, ethnicity, BMI, and found
area socioeconomic status (SES) still significant in the final model. Another study found
higher diabetes risk among African-Americans to be associated with a higher density of
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unfavourable but not for favourable food stores (Gebreab et al. 2017). Christine et al.
(2015) using a combination of GIS and survey-based measure, and GIS alone measure
for healthy food environment also did not find a significant association. However, the
effect was significant when survey-based food measure was used. Two studies also found
no significant association between diabetes and unhealthy food outlets (Paquet et al.
2014; Polsky et al. 2016). Physical activity, diet, area-level SES and BMI appeared to
attenuate the association between food environment and diabetes risk (Auchincloss et al.
2008; Christine et al. 2015; Polsky et al. 2016).

A few cross-sectional studies did not find a strong association between food environment
and diabetes (Auchincloss et al. 2008; Morland, Diez Roux & Wing 2006; Piccolo et al.
2015). One study showed a significant marginal association between screen-detected
T2DM and the presence of a higher number of fast-food outlets (Bodicoat, Carter, et al.
2014). This study did not assess by fast-food outlet type and did not adjust for smoking,
alcohol use and BMI. Studies showed no difference in T2DM risk when evaluated by
sub-types within the unhealthy food category (Frankenfeld, Leslie & Makara 2015) and
when duration lived in the neighbourhood and relocation were taken into account
(Christine et al. 2015). Frankenfeld et al. (2015), showed significantly lower diabetes
prevalence in areas with more restaurants and speciality foods than grocery stores within
the healthier food options category. The effect of food environment was not evident in a
few ecological studies (AlHasan & Eberth 2016; Drewnowski et al. 2014; Stewart et al.
2011), whereas another two showed mixed findings that were based on the use of several
different measures (Ahern, Brown & Dukas 2011; Salois 2012).

2.2.4.4 Greenspace
All three cross-sectional studies found that greener neighbourhoods were associated with
a lower T2DM risk. The protective effect of greenspace appeared to be small in studies
with large sample size (Astell-Burt, Feng & Kolt 2014; Maas et al. 2009), marginal when
a greater buffer radius was used (Maas et al. 2009), and more pronounced when an
objective T2DM measure was used (Bodicoat, O'Donovan, et al. 2014). Stronger effects
were also apparent in models that did not take into account socioeconomic, behavioural
and others factors, and the difference in risk was not evident for >81% and 21–40% green
space compared to <21% greenspace (Astell-Burt, Feng & Kolt 2014). These studies did
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not account for air quality, and greenspace quality, accessibility and use that could
potentially influence the relationship. Likewise, mediation by factors such as sleep
quality, stress, and physical activity was not assessed.
A study found a non-significant lower probability of T2DM with greater tree-canopy
(Ulmer et al. 2016). Likewise, a cohort study found no strong association between access
to open space ‘greenness’ and diabetes risk (Paquet et al. 2014). Public open space
greenness and tree canopy may not capture the actual and total greenness in the
neighbourhood precisely.

2.2.4.5 Residential noise, traffic, and proximity to roads
A few studies found a greater risk of diabetes among those exposed to higher noise levels
(Dzhambov & Dimitrova 2016; Eze et al. 2017; Sorensen et al. 2013). A large cohort
study found the risk of developing diabetes significantly increased by 8% and 11% with
an increase in 10dB levels of road traffic noise at current residence and during the five
years preceding diabetes diagnosis, respectively (Sorensen et al. 2013). Similarly, another
cohort study showed that the diabetes risk increased by 35% with an inter quartile range
(IQR) increase in road noise exposure (Eze et al. 2017). Stronger effects were observed
among confirmed diabetics, women, those with low education (Sorensen et al. 2013), and
those who slept with open windows and reported poor sleep quality (Eze et al. 2017).
Sorensen et al. (2013) also found no significant change in risk upon adjustment for NOx
(nitrogen oxides), suggesting an independent effect of noise. In contrast, railway (Eze et
al. 2017; Sorensen et al. 2013) and aircraft noise (Eriksson et al. 2014; Eze et al. 2017)
were not strongly associated with diabetes though the effect of aircraft noise was evident
during the day (Eze et al. 2017). The effect of noise significantly differed by physical
activity levels and sex but not by sleep quality (Eriksson et al. 2014). Small sample size,
subjective outcome measure, and non-random sampling (Dzhambov & Dimitrova 2016),
trivial cases and non-adjustment for other noise sources (Eriksson et al. 2014), and nonadjustment for bedroom location, other noise sources, and hearing impairment (Sorensen
et al. 2013) were noted in some studies.

With regard to traffic exposure, a study demonstrated a higher T2DM risk among those
whose homes were located on an extremely busy through road compared to those whose
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homes were located on a street with little or no traffic, but not for moderate, considerable
and heavy levels of traffic exposure (Heidemann et al. 2014). Residential traffic noise
appeared to mediate the relationship, and the effect was not altered when education,
indoor air pollution and other factors were accounted for (Heidemann et al. 2014). A
cohort study also showed a marginally significant association for traffic load within 100m
among confirmed diabetes cases (Andersen et al. 2012), whereas one cross-sectional
study found no strong differences (Ward-Caviness et al. 2015), and another two found
non-significant association for high self-reported (Dzhambov & Dimitrova 2016) and GIS
measured traffic intensity (Dijkema et al. 2011).

A cohort study of health professionals found a greater diabetes risk among individuals
living within 0–49m than those living ≥200m from the proximate road, but not for 50–
199m (Puett et al. 2011). Kramer et al. (2010) found a significantly higher risk of T2DM
among those women living <100m from a busy road with low education but not among
those with high education. Another study also showed a significantly higher risk of selfreported diabetes among those living close to a major road (Weinmayr et al. 2015).
Several other studies, however, found non-significant or no differences in diabetes risk
(Andersen et al. 2012; Dijkema et al. 2011; Lazarevic et al. 2015; Park et al. 2015; WardCaviness et al. 2015).

2.2.4.6 Air pollution
The most common pollutants examined in relation to diabetes were PM (particulate
matter) and NOx (nitrogen oxides). PM2.5 (particulate matter <2.5μm in diameter), NO2
(nitrogen dioxide), PM10 (particulate matter <2.10μm in diameter), NOx levels were
assessed in 14, 11, 8 and 5 studies respectively. Several cohort studies showed greater
diabetes risk to be associated with exposure to higher levels of NO (Andersen et al. 2012;
Coogan et al. 2012; Kramer et al. 2010), and PM2.5 (Chen et al. 2013; Hansen et al. 2016;
To et al. 2015). Andersen et al. (2012), using mean exposure to NO2 measured by AirGIS
at different points of time, found a marginally significant increased diabetes risk for an
IQR increase in NO2 among confirmed diabetes cases, but not for all diabetes cases and
baseline NO2 levels. Another study also showed similar heightened risk from exposure to
higher traffic-related PM and NO2 levels (from emission inventory) (Kramer et al. 2010).
This study was limited by differences in some characteristics at baseline, small sample
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size, inclusion of older age group (54–55 years) and non-inclusion of SES.

A study found higher levels of NOx to be significantly associated with increasing T2DM
risk after controlling for socioeconomic and anthropometric factors, but not for PM2.5
(Coogan et al. 2012). The effect of PM2.5 diminished when both pollutants were assessed
together. Stronger effect was also evident for NO2 exposure in a study (Kramer et al.
2010), and another noted that the effect of ozone (O3) lost significance when controlled
for NO2 but not when adjusted for PM2.5 (Jerrett et al. 2017). Coogan et al. (2016) also
found that the addition of ozone and PM2.5 did not alter the NO2-T2DM effect. Studies
conducted among women showed exposure to greater levels of ozone (Jerrett et al. 2017)
and soot (Kramer et al. 2010) to be associated with elevated T2DM risk.

A study using two cohorts of health workers when combined and considered separately,
and when pollutants were modelled together and separately, did not find a significant
diabetes risk among those exposed to PM2.5, PM10, PM10-2.5 (particulate matter 2.5–10μm
in diameter) (Puett et al. 2011). This study lacked information on NO and had a small
sample of males. The non-significant effect of PM2.5 found in Coogan et al. (2012) was
corroborated in a follow-up study (Coogan, White, Yu, Burnett, Seto, et al. 2016).
Similarly, the adjusted results in several studies suggest no strong or not significant
association for exposure to NO2 (Coogan, White, Yu, Burnett, Marshall, et al. 2016; Eze
et al. 2017; Hansen et al. 2016), PM2.5 (Coogan et al. 2012; Eze et al. 2017; Park et al.
2015; Puett et al. 2011; Weinmayr et al. 2015), NOx (Hansen et al. 2016; Park et al. 2015),
PM10 (Hansen et al. 2016; Kramer et al. 2010; Puett et al. 2011; Weinmayr et al. 2015),
and PM10-2.5 (Puett et al. 2011).

Eze et al. (2014) using a cross-sectional data revealed a higher likelihood of diabetes by
19% and 40% per 10μg/m3 increase in NO2 and PM10, respectively. The effect of NO2
was rendered nonsignificant in the PM10 and NO2 model (Eze et al. 2014). Another study,
in China, found higher diabetes prevalence to be related to greater PM2.5 levels with higher
rates among males, less educated individuals, unclean energy users, rural area dwellers,
current smokers and those with greater BMI (Liu et al. 2016). Two ecological studies also
suggest higher PM2.5 levels to be associated with higher diabetes rates (Chien, Alamgir &
Yu 2015; Pearson et al. 2010). Several studies nonetheless found no significant or strong
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association with diabetes risk for NOx (Teichert et al. 2013), NO2 (Dijkema et al. 2011;
Lazarevic et al. 2015; Teichert et al. 2013), PM10 (Sohn & Oh 2017; Teichert et al. 2013),
PM2.5 (Dzhambov & Dimitrova 2016; Teichert et al. 2013), lower air quality (Tahmasebi
et al. 2015), SO2 (sulfur dioxide) (Tong, Li & Zhou 2015), and benzo alpha pyrene
(Dzhambov & Dimitrova 2016). One study demonstrated back extrapolated pollutant
levels of NO2 and NOx to be significantly associated with increased diabetes risk (Teichert
et al. 2013).

Studies conducted among women (Hansen et al. 2016; Kramer et al. 2010; To et al. 2015)
and African-American women (Coogan et al. 2012; Jerrett et al. 2017) showed significant
association between exposure to pollution and diabetes. A stronger effect was found
among women than men (Andersen et al. 2012; Brook et al. 2008; Chen et al. 2013;
Dijkema et al. 2011; Sohn & Oh 2017), and among women living closer to a major road
(Kramer et al. 2010; Puett et al. 2011), and with low education (Kramer et al. 2010). The
association also appeared to be stronger among those with chronic obstructive pulmonary
disease (COPD) (Chen et al. 2013), non-smokers, physically active individuals, low
education, greater waist to hip ratio (Andersen et al. 2012), higher BMI (Weinmayr et al.
2015), and <50 years and >65 years (Andersen et al. 2012; Chen et al. 2013; Weinmayr
et al. 2015). One study found a stronger effect among those with higher education levels
(Weinmayr et al. 2015). Area-level SES (Coogan, White, Yu, Burnett, Marshall, et al.
2016) and BMI (Puett et al. 2011) weakened the relationship, and area SES also
seemingly masked the impact of PM2.5 (Coogan, White, Yu, Burnett, Seto, et al. 2016).
In a few studies, the influence of comorbidities and sociodemographic factors (Chen et
al. 2013), area SES, BMI, age, education, exercise level, smoking, hypertension, and diet
(Coogan, White, Yu, Burnett, Marshall, et al. 2016) was not apparent. Most of the studies
did not have information on indoor exposure and exposure outside of the neighbourhood,
and none of the studies used air toxicant levels in blood or biological samples.

2.2.4.7 Neighbourhood conditions, safety, and other factors
A cohort study conducted among African-Americans revealed a higher diabetes risk
among those living in housing conditions rated as fair-poor compared to good-excellent
(Schootman et al. 2007). The relationship was, however, rendered non-significant when
adjusted for psychosocial and health factors, and was not considerably affected when
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residential mobility and ownership were accounted for. Also, the prevalence of T2DM
was found to be significantly lower in areas with higher home values in an ecological
study (Drewnowski et al. 2014). On the other hand, two studies did not find a strong effect
of neighbourhood conditions (Cunningham-Myrie et al. 2015; Schootman et al. 2007),
and a few studies did not find significant association for perceived neighbourhood safety,
crime and physical disorder (Christine et al. 2015; Cunningham-Myrie et al. 2015;
Piccolo et al. 2015). A recent cohort study reported a non-significant elevated diabetes
risk with increase in neighbourhood violence and other problems (Gebreab et al. 2017).

Two studies did not find significant difference in the risk of diabetes by availability and
type of public open space (Paquet et al. 2014; Piccolo et al. 2015), although the study by
Paquet et al. (2014) suggests a protective effect of greater open space size on T2DM risk.
A cross-sectional study that used GIS measure found a lower probability of self-reported
T2DM to be associated with higher levels of mean slope (Villanueva et al. 2013). The
influence of self-selection and other confounding factors, however, cannot be ruled out
in this study. With regard to health service accessibility, an ecological study suggests no
strong association between availability of general practitioners and T2DM (Kauhl et al.
2016).

2.2.5 Discussion
This systematic review assessed the published evidence that has grown significantly over
the past decade on the effects of built environment on T2DM risk in adults. The majority
of studies come from high-income countries and were observational in design. The most
common built environment features studied in relation to T2DM were air pollution,
walkability, food environment, physical activity resources, and distance to major
roadways. Overall, the findings in the studies reviewed show moderate evidence of the
association between built environment and T2DM risk. Living in neighbourhoods with
higher levels of walkability and greenspace was associated with lower T2DM risk, while
higher levels of air pollution and noise were associated with increased T2DM risk. There
is insufficient data to deduce causal inference between these environmental
characteristics and T2DM. Furthermore, the evidence on the role of other environmental
characteristics on T2DM is less clear and/or limited. Methodological shortcomings could
have led to the inconsistent findings. The results, however, provide enough cause to
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further delve into understanding the built environment–T2DM relationship.

There is no strong evidence that is suggestive of built environment characteristics that
may be most significant in T2DM prevention and is amenable to policy interventions.
The assessment of either one or a limited number of environmental characteristics in the
studies reviewed could have resulted in over- or under-estimation of the impact. Studies
conducted among minority ethnic groups and women indicate a stronger association.
Minor ethnic and racial groups are often deprived of recreational facilities, supportive
aesthetics, and do not have adequate traffic protection and active transportation,
increasing their susceptibility to adverse health outcomes (Black & Macinko 2008;
Gordon-Larsen et al. 2006; Sallis et al. 2012). They also live in neighbourhoods with low
SES, a higher density of unhealthy food choices, and food outlets that promote unhealthy
food (Black & Macinko 2008; Bodicoat, Carter, et al. 2014; Lewis et al. 2011; Morland
et al. 2002).

2.2.5.1 Walkability
A majority of the studies indicate that living in walkable neighbourhoods is linked with a
lower T2DM risk. This is consistent with the findings of recent systematic reviews that
showed walkable environment to be associated with a lower risk of diabetes, metabolic
syndrome, obesity, blood pressure (Black & Macinko 2008; Malambo et al. 2016;
Renalds, Smith & Hale 2010) and physical activity (Hajna et al. 2015; Renalds, Smith &
Hale 2010). However, the underlying factors contributing to this relationship are less
clear, and the current data is limited to derive causal inference although the influence of
obesity, physical activity, and income has been noted (Booth et al. 2013; MüllerRiemenschneider et al. 2013; Sundquist et al. 2015). Many studies did not consider that
those living in a more walkable neighbourhood may be healthier and physically active
and did not adjust for sociodemographic factors, safety, crime, traffic, pollution, and other
environmental factors (Booth et al. 2013; Glazier et al. 2014; Lee et al. 2015; MüllerRiemenschneider et al. 2013; Paquet et al. 2014; Sundquist et al. 2015).

Assessing the impact of individual walkability components will be essential to identify
specific areas for intervention. When evaluated by individual components, only land use
mix was found to be significantly associated with diabetes in one study (Sundquist et al.
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2015), while another found all elements significant (Glazier et al. 2014). Moreover, the
lower T2DM risk was found to be significantly related to 800m walkability buffer area
but not for 1600m (Müller-Riemenschneider et al. 2013). One study showed the built
environment effect to be significant for 1600m buffer area (Auchincloss et al. 2009)
whereas another found similar results for one and three-mile buffer areas (Gebreab et al.
2017). The area size at which the built environment impacts obesity has also been shown
to vary for different environmental characteristics (Xu, Wen & Wang 2015). The exact
neighbourhood buffer area may vary for different environmental characteristics, and this
warrants further investigation.

2.2.5.2 Physical activity resources
The evidence, although indicative of lower diabetes rates in areas with more physical
activity resources, is limited to draw solid inferences. Literature suggests that
accessibility to physical activity environment and resources is associated with
hypertension, physical activity, obesity and cardiovascular outcomes (Black & Macinko
2008; Malambo et al. 2016; McConville et al. 2011; Wendel‐Vos et al. 2007). Hence, the
relationship between diabetes and physical activity resources is plausible. Some studies
reviewed interviewed participants to assess physical activity resources but metrics used
varied between studies. The influence of other factors, such as safety, food environment
and car ownership, is also not adequately known.

The effect of survey-based measure of physical activity resources was found stronger than
GIS-based measure (Christine et al. 2015) suggesting that just having resources may not
be enough to enable healthy behaviours. For instance, proximity to open spaces may not
be sufficient to motivate walking (Giles-Corti et al. 2005) and opening supermarkets in
areas considered “food desert” may not influence diet and BMI (Cummins, Flint &
Matthews 2014). An understanding of the use, quality, and size of these resources,
accessibility, and characteristics of those using these resources are essential. Studies that
include both subjective and objective measures, consider confounding factors, and studies
aimed to improve measures of physical activity resources are needed.
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2.2.5.3 Food environment
The current data on the impact of the food environment on T2DM has produced
inconsistent results. The heterogeneity across studies concerning food environment and
outcome measures and neighbourhood definition could have led to the mixed findings.
Literature also suggests a mixed if not a negligible effect of the food environment on
obesity (Black & Macinko 2008; Gordon-Larsen 2014). Both healthy and unhealthy foods
can be available in food outlets such as supermarkets, and some fast-food outlets may
offer healthy options. Besides, for some individuals, quality and price can be more
important than distance and travel cost (Boehmer et al. 2007), implying that proximity
may not necessarily denote accessibility. The association can be distorted if these aspects
are not considered.

Similar to physical activity resource studies, studies that used survey-based measures
tended to show stronger association (Auchincloss et al. 2009; Christine et al. 2015).
Differences in perceived and observed built environment measures have also been noted
in association with obesity and physical activity (Boehmer et al. 2007; McCormack et al.
2008). An individual’s behaviour can be more closely linked to their perception of the
environment (Lee & Moudon 2004). Also, factors such as affordability, purchasing and
intake behaviour and quality that cannot be measured objectively can be equally
important. Assessing access to farmers’ and fruit and vegetable markets, specific food
types, and considering the influence of marketing and confounders in future studies will
enable generation of robust evidence.

2.2.5.4 Greenspace
The benefit of greenspace on health is increasingly being recognised (Lee & Maheswaran
2011; Wolch, Byrne & Newell 2014). This review found that those living in greener
neighbourhoods have a lower probability of diabetes. A few reviews also portray
greenspace to be protective against obesity related outcomes (Lachowycz & Jones 2011;
Lee & Maheswaran 2011). The current data, however, is limited by design and the
greenspace–T2DM pathway is not adequately studied. For example, whether greenery
reduces depressive symptoms (Miles, Coutts & Mohamadi 2012), promotes walking
(Coombes, Jones & Hillsdon 2010), and or moderates pollution (Nowak, Crane & Stevens
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2006) is not assessed. Future studies should, therefore, investigate the possible mediating
and moderating factors. The protective effect of greenspace also needs to be further
corroborated in longitudinal studies. Subsequently, it may be useful to determine the
minimum greenspace level and quality to prevent diabetes. Besides, using distance to
greenspace may be an appropriate measure since the use could decrease with increasing
distance (Coombes, Jones & Hillsdon 2010). This, however, merits further investigation.

2.2.5.5 Residential noise, traffic, and proximity to roads
The evidence on the effect of traffic exposure and proximity to major road is limited and
mixed. A recent meta-analysis showed that residential proximity to major road is
associated with higher T2DM risk (Zhao et al. 2016). It is important to note that the
current review included a few additional recent studies that found no strong association.
The use of subjective measures, small sample, non-random sampling, and inadequate
confounder adjustment could have biased the results in some studies. Thus, studies with
better designs, adequate sample size using objective measures and accounting for
confounders are required. Exposure at the workplace and the use of air and noise pollution
measures can help reduce exposure characterisation errors.

On the other hand, the current evidence consistent with the findings in a recent metaanalysis (Dzhambov 2015) and a review (Kolb & Martin 2017) is suggestive of a greater
diabetes risk with higher traffic noise levels. The underlying mechanism is nonetheless
less clear. Higher noise levels have been associated with increased blood pressure
(Schulz, Romppel & Grande 2016). A stronger effect was observed among those who
reported poor sleep quality (Eze et al. 2017), and sleep is linked with T2DM (Cappuccio
et al. 2010a; Kolb & Martin 2017). Hormonal changes due to sleep deprivation can
increase appetite that can promote the development of obesity and changes in metabolic
functions including elevated blood sugar levels (Cappuccio et al. 2010a; Dzhambov
2015). Noise can also increase cortisol levels (a hormone that regulates metabolism and
helps control blood sugar levels) and lead to insulin resistance (Sorensen et al. 2013).
Further, noise is related to stress (Ising & Kruppa 2004) and stress can heighten the risk
of T2DM (Kolb & Martin 2017). Chronic stress results in impaired metabolic function
and obesity through dysfunction of the hypothalamic-pituitary-adrenal axis, a system that
controls stress and body processes (Kyrou & Tsigos 2007; McEwen & Wingfield 2003).
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The data also suggests that the effect of noise differ by gender, physical activity and
education levels (Eriksson et al. 2014; Sorensen et al. 2013). Individuals with low
education may live in poor housing conditions, increasing their vulnerability to noise and
related health impacts. Likewise, being physically active may buffer the effect of stress
induced by noise. The weak effect of aircraft and railway noise on T2DM found in a few
studies (Eriksson et al. 2014; Eze et al. 2017; Sorensen et al. 2013) is plausible given the
likely low exposure duration and also the confinement of exposure to only certain areas.
Some studies showed the effect of noise seemingly stronger than air pollution and traffic
exposure (Eze et al. 2014; Heidemann et al. 2014; Sorensen et al. 2013). More studies
using longitudinal designs can help corroborate the noise–T2DM link, and understand
how noise, pollution, and other factors interact to influence T2DM.

2.2.5.6 Air pollution
The evidence though modest is suggestive of a higher diabetes risk with exposure to
higher air pollution levels, in particular of NO2 and PM2.5. This is consistent with findings
from recent reviews and meta-analyses (Balti et al. 2014; Eze et al. 2015; Janghorbani,
Momeni & Mansourian 2014; Kolb & Martin 2017). The risk though minimal can
translate into a higher proportion of the population impacted given the huge number of
people likely to be exposed to pollution. The literature informs that air pollutants can
influence T2DM risk through endothelial dysfunction, adipose inflammation and can also
trigger insulin resistance (Rajagopalan & Brook 2012). Air pollution has also been
associated with hypertension and obesity (Brook et al. 2010; Schulz, Romppel & Grande
2016). The data on other pollutants is minimal.

The effect of NO2 appeared to be stronger than PM2.5 and other pollutants. A recent metaanalysis also showed an enhanced association for gaseous pollutants than particulate
matters (Janghorbani, Momeni & Mansourian 2014). Only a few studies used multipollutant models, and it will be important to consider all potential sources and type of
pollutants to identify the key pollutant. Studies also showed women to be more
susceptible from exposure to pollution. It is posited that women spend much of their time
in and around the home, tend to choose work nearer home, and may limit work outside
the home (Brook et al. 2008; Dijkema et al. 2011). This can enable precise measurement
of exposure at their residential address, hence the increased risk than men. Besides,
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gender physiological differences may also contribute to this difference (Brook et al.
2008).

The moderate effect of air pollution on T2DM can also be attributable to the rapid decline
in pollution in developed countries (World Health Organization 2016a), and almost all
(>90%) studies were from developed countries. Back-extrapolated pollution levels were
found to be significantly associated with heightened diabetes risk, exhibiting the effect of
higher pollution levels (Teichert et al. 2013). The impact of air pollution and related
environmental characteristics is more likely to be stronger in developing countries
considering the greater levels of air pollution (World Health Organization 2016a) and the
higher diabetes burden (World Health Organization 2016b). Thus, more studies from
developing countries are essential to inform public health decisions. Most studies did not
include information on indoor pollution and environmental tobacco smoke, and the effect
of other pollutants, such as carbon monoxide, is not assessed. Besides, exposure outside
the neighbourhood such as at workplace, comorbidities, and uncontrolled factors could
have influenced the results. Considering these caveats and using time-varying pollution
levels in future studies can help produce robust data.

2.2.5.7 Neighbourhood conditions, safety, and other factors
Only a very few studies have assessed the impact of neighbourhood safety, crime,
physical disorder, open space, urban sprawl and health accessibility on T2DM. Studies
showed that better housing conditions and higher home value (Drewnowski et al. 2014;
Schootman et al. 2007) and urban compactness (Ewing et al. 2014) to be a significant
determinant of diabetes. Housing and neighbourhood conditions may influence T2DM
risk through mental health (Jocson & McLoyd 2015; Jones-Rounds, Evans & Braubach
2014), safety (Austin, Furr & Spine 2002), and socioeconomic factors. Neighbourhood
safety, physical conditions, and disorder have been associated with physical activity and
obesity (Bennett et al. 2007; Boehmer et al. 2007; Fish et al. 2010). A higher property
value is also associated with physical activity and healthy diet (Drewnowski et al. 2016).
For instance, higher real estate value may encompass other environmental characteristics,
such as open space, aesthetic environment, greenspaces, and proximity to amenities.
Likewise, urban compactness has been associated with lower rates of obesity and
hypertension and increased physical activity (Ewing et al. 2003). A compact
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neighbourhood can bring amenities and services closer to homes, thus promoting active
transportation (walking, cycling). Certainly, more research is needed to understand the
relationship between these characteristics and diabetes.

Studies assessing the impact of geographic characteristics on T2DM are also limited. A
study showed higher levels of slope to be protective against T2DM (Villanueva et al.
2013). Availability of hills in the neighbourhood has been related to higher physical
activity levels (Brownson et al. 2001). Hilly localities may have more pleasant scenery
that could motivate physical activity. In contrast, another study showed that steep hills
prevented walking (Cervero & Duncan 2003). Cohort studies taking into account selfselection are essential to substantiate the findings.

2.2.5.8 Strengths and limitations
This is the first systematic review investigating the impact of built environment on T2DM
that included a broad array of built environment characteristics. The findings are
presented and discussed by different environmental characteristics. This work can be,
therefore, a good reference for works on built environment and T2DM and related health
outcomes. The rigorous peer review and the application of a systematic method to conduct
the systematic review in compliance with Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines also lends to its credibility. A
preliminary search of articles published since 1990 and screening of references of
included studies allowed a comprehensive search.

There are some limitations. Firstly, many of the studies come from cross-sectional studies
and are inclined to biases outlined in the methodological issues section. Thus, deductions
regarding causality cannot be made even for those built environment characteristics
suggestive of being predictors of T2DM. Second, this review could have also missed
articles published in languages other than English although it may be reasonable to
assume that the numbers will be small. Furthermore, there were only a few studies from
developing countries. Thus, findings may not be widely applicable to developing
countries. This review also included studies that also had participants younger than 18
years and many studies that included individuals <18 years and young adults tended to
show no strong or null association.
62

Information and selection bias, residual confounding from mismeasurement and/or
imprecise exposure measurement cannot be excluded in many studies. Additionally,
differences in exposure and outcome assessment and the adjustment of factors across
studies within particular environmental characteristics could have resulted in the mixed
findings and also impeded comparison across studies. Given the high diversity between
studies including the effect estimates and the likely different mechanisms involved even
within specific built environment characteristics, a meta-analysis was not possible to
estimate the pooled effect of environmental characteristics on T2DM risk. Likewise, the
risk of publication bias could not be examined though likely to be negligible given the
inconsistent or null associations shown by the studies assessed.

2.2.6 Future research directions
More studies with better designs and methods are required to corroborate the current
evidence and to understand the role of built environment in T2DM prevention. It is likely
that the impact of the built environment will be pronounced with larger cumulative
exposure over time. Therefore, longitudinal studies are likely to detect the impact and
determine the time frame for built environment characteristics to influence T2DM.
Studies aimed to address issues surrounding built environment metrics, and other
methodological caveats innate to observational studies are needed. Future studies would
also need to use both perceived and objective measures to explain varying associations
between the two, and the policy interventions for the two can also be different. Reducing
confounding by self-selection, and accounting for changes in built environment over time
using longitudinal data can help assess causal relationship. Likewise, identifying the point
in the lifetime where the built environment may have the greatest impact on T2DM using
life course data will be beneficial. Further, assessing multiple related built environment
determinants will enable identification of the key determinant of T2DM prevention, and
thus beneficial in informing policy decisions.

Studies need to assess whether socioeconomic, demographic, psychosocial and
behavioural factors influence the built environment–T2DM relationship. The interaction
between environmental characteristics and with other factors also needs to be examined,
for example, between noise and air pollution, between pollution and walking
environment, and between street networks and food environment and safety. Similarly,
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the mechanism on how built environment exerts influence on T2DM needs to be
unravelled. Another opportunity would be to investigate whether policy interventions to
improve built environment have yielded a decrease in T2DM burden. Clearly, there is an
urgent need for research in developing countries and among vulnerable and rural
populations.

Alongside increasing evidence, future studies should also consider identifying the
minimum level and or threshold of relevant environmental characteristics at which
diabetes can be possibly prevented (Astell-Burt, Feng & Kolt 2014). Likewise,
identifying built environment determinants of prediabetes can also inform prevention
strategies. Qualitative studies to understand how individuals relate to and interact with
the environment can enable generation of better theories on the built environment–T2DM
pathways (O’Campo 2003). Lastly, more research on other understudied built
environment characteristics, such as urban sprawl, health accessibility, neighbourhood
conditions, public transport, etc., is needed. Discerning and understanding the complex
cause-effect relationship can enable effective population-level policy decisions essential
to curb the rising burden of T2DM.

2.2.7 Summary
Overall, the current evidence suggests a moderate contribution of built environment to
T2DM risk. This review nevertheless highlights the potential barriers brought by the built
environment to reducing T2DM burden through individual-level interventions. The data
shows that higher levels of walkability and greenspace are associated with a lower risk of
T2DM, while higher levels of NO2 and PM2.5, and noise are related to elevated T2DM
risk. However, owing to the limited data on these characteristics, causality cannot be
deduced. The existing data on food environment, physical activity resources, traffic, and
proximity to major roads is mixed. Likewise, there is a paucity of literature on other
environmental characteristics. Finally, the mechanisms through which built environment
influences T2DM risk is less clear. A better understanding of the environment–T2DM
relationship can inform the formulation of policies that promote health and create
opportunities for individuals to translate intentions into sustained behavioural change that
is essential to curb the rising burden of T2DM.
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2.3 Extended literature review
This section includes an update of the literature on the influence of the built environment
on type 2 diabetes mellitus (T2DM). Studies that were published after the systematic
review literature search, i.e. since April 2017, and those potentially missed in the
systematic literature review search were evaluated. The studies are here discussed
specifically in terms of findings and the consistency with the results in the earlier
systematic review.

2.3.1 Green space
Several studies focused on examining the influence of green space on the risk of T2DM.
A study from Australia that examined data of 46,786 participants showed lower odds of
both prevalent and incident (i.e. newly diagnosed) diabetes among those living in areas
with more tree canopy (≥30% compared with 0–9%) and total green space (≥30%
compared with 0–4%) within a one-mile buffer area (Astell-Burt & Feng 2019). The
protective effect of green space was also demonstrated in a cohort study that assessed the
percentage of green space within 800 m buffer in relation to self-reported diabetes (Dalton
et al. 2016), as well as in another large cohort study that used objective measures of both
green space and diabetes (Clark et al. 2017). Although the study by Clark et al. (2017)
adjusted for potential confounding by some other environmental characteristics, the study
was limited by the non-availability of individual-level socioeconomic and health
characteristics. Similarly, another study showed an association between higher levels of
green space with lower fasting plasma glucose levels and decreased odds of diabetes in
the cross-sectional analysis (Lee et al. 2017). But this association was not evident in the
longitudinal analysis.

A cross-sectional study from Germany employed different measures of green space that
include distance to the nearest green space, the proportion of green space, and a recreation
location quotient that measured greenness availability in neighbourhoods relative to a
reference region area (Muller et al. 2018). All of the green space indicators showed a
significant positive impact on the likelihood of having T2DM. Another study, from
China, found that higher residential greenness, measured using Normalised Difference
Vegetation Index (NDVI) and Soil Adjusted Vegetation Index (SAVI), was associated
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with reduced odds of prevalent diabetes, glucose and insulin levels, including lower
insulin resistance and greater β-cell function (Yang et al. 2019).

Relative to the least distance, the greatest distance to green space with sports facilities
was found to be significantly associated with higher odds of diabetes (Ngom et al. 2016).
Green space without definition and other types such as green space with parks, public
transport, natural features, walking, and cycling were not significantly associated with
diabetes, suggesting that green space that motivates physical activity may be more
important. Likewise, vegetation cover greenness derived from satellite data and land use
greenness data derived from municipalities were not found strongly associated with selfreported diabetes (Ihlebaek et al. 2018). This could be due to the large proportion of
residents with easy access to green spaces in this study. In another study, the association
between green space and diabetes became statistically not significant when area SES,
percentage immigrants, population density, and urbanity were taken into account
(Groenewegen et al. 2018). Similarly, a study from Japan among older individuals (65
years and above) found no strong association between hilly neighbourhood environment
and T2DM (Fujiwara et al. 2017). The association was also not strong for access to parks
but was significant for poorly controlled T2DM in relation to hilly environment.

A few studies also examined the moderating role of some sociodemographic factors and
the plausible mediators of the association between green space and T2DM. While one
study documented stronger associations between green space and T2DM among younger
individuals and women (Yang et al. 2019), in another study sex and education did not
appear to modify the association between green space and T2DM (Muller et al. 2018).
The potential moderating role of socioeconomic status and rurality was also not evident
(Dalton et al. 2016). Furthermore, the role of physical activity as a candidate mediator of
the green space–T2DM association was not evident in two studies (Dalton et al. 2016;
Yang et al. 2019). However, one study identified air pollution and body mass index as
potential mediators of green space–diabetes association (Yang et al. 2019). Issues
concerning exposure and outcome measurements, residual confounding, and self-reported
mediator data could have affected the results in many studies.
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A close relation of green space is blue space, defined as “health-enabling places and
spaces, where water is at the centre of a range of environments with identifiable potential
for the promotion of human wellbeing” (Foley & Kistemann 2015). Epidemiological
study of blue space as an exposure is rapidly emerging and may be closely entwined and
synergise with green space and other environmental factors. However, while there is
research on some of the ways in which blue space might enable health-related behaviours
such as swimming (Foley 2015) and improved mental health (de Bell et al. 2017; de Vries
et al. 2016; Nutsford et al. 2016) that contribute to overall levels of population wellbeing,
especially within coastal settlements (White et al. 2016), there is currently a lack of
research directly connecting blue space with T2DM.

2.3.2 Walkability
A cohort study showed that greater walkability was associated with reduced odds of
incident diabetes even after adjustment for other environmental factors (Clark et al. 2017).
Walkability was also found to be protective against worsening glycosylated haemoglobin
in another longitudinal study, and the association was partly mediated by self-reported
physical activity (Carroll et al. 2017). Similarly, the risk of incident diabetes was lower
among young adults (<65 years) living in highly walkable areas when compared to those
living in the least walkable areas (Booth et al. 2019). However, the association was not
evident in older adults, possibly obese individuals who are at higher risk might develop
diabetes at an earlier age as the impact of obesity attenuates at older ages. Employing an
approach based on propensity score matching, this study also attempted to address selfselection confounding by accounting for the differences in health status and utilisation
and other measured confounders.

On the contrary, a cross-sectional study showed an unexpected association between a
more walkable environment assessed using Walk Score® and diabetes (Herrick, Yount &
Eyler 2016). Other characteristics that can influence diabetes risk but not included in this
study, such as proximity to amenities, could have led to this finding, and urban areas also
generally tend to have a higher Walk Score®. This study also found no strong interaction
between supermarket density and walkable environment (Herrick, Yount & Eyler 2016).
Likewise, a study showed no strong association between T2DM and perceived difficulty
in walking due to slopes and ease of access to footpaths (Fujiwara et al. 2017).
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2.3.3 Food environment
A few studies explored the association between the food environment and T2DM risk. A
cross-sectional study conducted in a healthy, employed, and predominantly female
population found that living in areas with a higher density of supermarkets was associated
with decreased odds of T2DM (Herrick, Yount & Eyler 2016). The findings may suggest
possible larger effects in the general population. Another large cross-sectional study also
found that density of ready-to-eat food environments within a 1 km buffer was associated
with greater T2DM odds among those in the highest exposure to restaurants and cafes
and composite ready-to-eat food density measure, than those unexposed (Sarkar, Webster
& Gallacher 2018). Furthermore, those in the highest quintile of distance to the closest
food outlet had reduced odds of developing T2DM, suggesting a distance decay effect.
The association also emerged stronger among overweight individuals, and obesity partly
mediated the association between the composite ready-to-eat measure and T2DM.

A study that examined both the cross-sectional and longitudinal associations between the
built environment and glycaemic measures found that higher fast-food restaurant density
and supermarket density were longitudinally associated with smaller changes in fasting
plasma glucose (Lee et al. 2017). However, none of the food environment measures,
including total food stores, full-service restaurants, and convenience stores, were
associated with incident diabetes and the potential modifying effect of gender was also
not evident. No strong associations were also observed for other indicators, such as total
food stores, full-service restaurants, and convenience stores, in relation to changes in
fasting plasma glucose. Similarly, another cross-sectional study found no strong evidence
that is suggestive of an association between T2DM and access to grocery stores,
department stores, general merchandise stores, specialised supermarkets, daily
commodities or convenience stores (Fujiwara et al. 2017).

2.3.4 Other built environment characteristics
The findings with regard to those built environment characteristics that do not fall under
the earlier categories are discussed in this sub-section. A longitudinal study from
Australia found that area socioeconomic status moderated the association between
population density and changes in glucose levels, with a protective effect among those
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residing in areas with lower socioeconomic status (Van Cauwenberg et al. 2019). This is
plausible given that residents of lower socioeconomic neighbourhoods may be more
reliant on neighbourhood resources for daily activities, such as exercise and shopping,
due to limited transport options. Adjusting for physical activity did not change the
observed association substantially, suggesting that physical activity did not mediate the
association (Van Cauwenberg et al. 2019). Another recent longitudinal study that
assessed the effect of local descriptive norms for overweight/obesity and physical
inactivity found that local area descriptive norms predicted worsening of glycosylated
haemoglobin (Carroll et al. 2017). Physical activity appeared to mediate the association
partially in this study.

In a large cross-sectional study, the age and sex adjusted association of perceived safety,
social capital, and particulate matter on diabetes was rendered non-significant when
controlled for area-level confounders, while the association for perceived crime and NO2
was in the unexpected direction (Groenewegen et al. 2018). When stratified by area SES,
the association for perceived crime, green space, and NO2 exposure emerged significant
in the lowest SES quintile, whereas social capital and perceived safety was significant in
the highest quintile. The alleviating effect of green space on air pollution was also evident
in low SES areas. The use of larger spatial areas such as postal code areas was attributed
to the absence of clear associations, and the study is constrained by limited individuallevel characteristics, possible exposure measurement error, underrepresentation of rural
areas, and non-inclusion of exposure beyond the neighbourhood.

One study showed that residential transportation noise was longitudinally associated with
the risk of developing diabetes even after adjusting for environmental indicators such as
walkability, greenness, and traffic-related air pollutants (Clark et al. 2017). The
association between incident diabetes and exposure to traffic-related air pollutants (NO2,
NO, PM2.5, and black carbon) was not found robust in the adjusted analysis. Other studies
also showed that residential environment characteristics such as population density and
availability of hospitals (Fujiwara et al. 2017), recreational land and intersection density
(Lee et al. 2017) were not strongly associated with T2DM risk. In one study (Lee et al.
2017), however, intersection density was found to be associated with changes in fasting
plasma glucose levels.
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2.3.5 Summary
Overall, in alignment with the findings of the earlier systematic review, the findings in
this literature review also suggest that different characteristics of the built environment
can potentially increase or decrease the risk of T2DM. Most of the studies reviewed
exhibited some associations between the built environment and T2DM in the expected
direction. More studies with longitudinal designs were conducted, and a majority
examined green space and walkability in relation to T2DM. The evidence is consistent in
suggesting an inverse association between T2DM and walkability and greenspace. The
findings from the longitudinal studies revealing inverse association between T2DM risk
and greater noise levels also conform to the findings in the systematic review. This data
corroborates and strengthens the evidence on the potential protective effect of green space
and walkability and the risk of higher noise levels. The evidence also indicates the need
to examine multiple environmental characteristics to clarify the role of each attribute.
There is some evidence of the moderating effect of area socioeconomic status that implies
a greater impact of the built environment in areas with high socioeconomic disadvantage.
Owing to the quantity and quality of the studies, inferences cannot be made with regard
to food and other environmental characteristics.

Only a few studies examined the role of potential moderating factors and candidate
mediators of the built environment–T2DM association. There are limited studies that
examined the type, utilisation, quality and the quantity of built environment
characteristics needed to potentially prevent diabetes. Furthermore, confounding by
unmeasured characteristics and possible bias from residential self-selection cannot be
ruled out in many studies. Other possible pathways, such as stress, sleep, sedentary
behaviour, and social cohesion and capital, remain to be explored. More longitudinal
studies that address these shortcomings and those examining built environment
characteristics rarely investigated are needed to further the evidence on the influence of
the built environment characteristics on T2DM risk and prevention.
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Chapter Three: Research Methods
3.1 Chapter overview
As stated in Chapter 1, the overall aim of this thesis was to investigate the influence of
the residential built environment characteristics on the risk of developing T2DM. This
chapter highlights the main methods used to address the objectives of this thesis in order
to provide more robust evidence by addressing some of the methodological shortcomings
identified in the existing literature. The theoretical framework used to guide the studies
that include a description of the potential links between built environment characteristics
and T2DM is presented initially. After that, the study data and the exposure and outcome
variables are described, followed by the advantages of longitudinal design and research
methods used for the studies in this thesis. The specific details of the methods are outlined
within the relevant sections of the thesis chapters.

3.2 Theoretical framework
T2DM is known to be an outcome of the interaction of environmental, biological, and
behavioural risk factors (Chatterjee, Khunti & Davies 2017; Kahn, Cooper & Del Prato
2014). Lifestyle changes can be, therefore, constrained in the absence of an environment
that encourages lifestyle changes, and behavioural and educational interventions may be
significantly diminished or rendered ineffective in such non-enabling environments. The
evidence in the literature shows that individual-level socioeconomic, demographic, and
behavioural factors are important predictors of T2DM (Agardh et al. 2011; Gary-Webb,
Suglia & Tehranifar 2013). Prior reviews also suggest a link between the built
environment and health outcomes closely related to diabetes, such as obesity,
cardiovascular diseases, hypertension, metabolic syndrome, and physical activity (Black
& Macinko 2008; Booth, Pinkston & Poston 2005; Feng et al. 2010; Lachowycz & Jones
2013; Malambo et al. 2016; Renalds, Smith & Hale 2010; Saelens, Sallis & Frank 2003;
Schulz, Romppel & Grande 2016; Wendel‐Vos et al. 2007).

The conceptual framework presented in Figure 3.1 illustrates the possible pathways
through which different characteristics of the built environment can determine T2DM.
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This framework is underpinned by socio-ecological theories that emphasise that human
behaviour is influenced by their ability, and when their sociodemographic, psychosocial,
economic, organisational, and physical environments are supportive of health (Sallis et
al. 2006; Sallis, Owen & Fisher 2008). Socio-ecological models posit that different
factors at multiple levels influence health and behaviour that include intrapersonal (such
as demographic, biological, knowledge and psychological), interpersonal (e.g., social
networks, friends), physical environment (such as amenities, services and scenery), and
policy (e.g., rules and regulations) factors. Relational geography also highlights the
importance to understand, the processes and possible interaction between people and
neighbourhood, structural relationship between local environment and the wider context
within which it is located, and that the environment varies in time (Cummins et al. 2007).
Contextualising the different factors across multiple levels can help understand the
multifaceted and interactive effects of personal and environmental factors that predict
behaviour and health. The framework also draws on the knowledge reviewed in Chapter
2.

3.2.1 Mechanisms linking the built environment and T2DM
Built environment characteristics are hypothesised to increase exposure to risk factors of
T2DM by enhancing or constraining behavioural, psychosocial, and physical stressors.
The physical and social environment can influence choices and behaviours (McNeill,
Kreuter & Subramanian 2006; Sallis et al. 2012). Availability and/or proximity to
recreational resources, green spaces, open spaces, walkable destinations, footpaths, and
well-designed and connected public places, and higher land use mix can encourage
physical activity and social interaction (Berke et al. 2007; Brownson et al. 2001; Cervero
& Duncan 2003; Coombes, Jones & Hillsdon 2010; Giles-Corti et al. 2005; GordonLarsen et al. 2006; Poortinga 2006; Renalds, Smith & Hale 2010; Richardson et al. 2013;
Saelens, Sallis & Frank 2003; Schulz, Romppel & Grande 2016). Individuals living in a
highly walkable environment are likely to walk more (Berke et al. 2007; Saelens et al.
2003), thereby reducing the risk of obesity.

Similarly, having supermarkets close by can encourage a healthy diet, and dense
neighbourhoods can facilitate access and use of local amenities, social activities (Bramley
et al. 2009; Leyden 2003; Sallis & Glanz 2009), and physical activity (Li et al. 2005;
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McConville et al. 2011; Saelens et al. 2003; Saelens, Sallis & Frank 2003). In contrast,
limited access to supermarkets may motivate visits to convenience stores and fast-food
outlets that, in turn, increase the odds of unhealthy food intake. These environment shaped
choices and behaviours can regulate calorie intake and burning (energy expenditure) that
influence obesity risk, β-cell dysfunction, and insulin resistance.

Built environment
determinants

Risk factors/
exposures

Health services

Physical
inactivity

Physical activity
resourcesI
Safety/violence
AmenitiesII

Primary outcome

Unhealthy diet
/behavioursV
Obesity
Stress
Hypertension

Type 2 diabetes

Disturbed sleep
PrediabetesVI

WalkabilityIII
Urban sprawl

Intermediary
outcomes

Social isolation/
fear

Blood lipid
levels

Area conditionIV
Air pollution
Public transport

Noise pollution

Green space

Traffic

Figure 3.1: Schematic illustration of possible pathways through which built environment
impacts T2DM risk
Adapted from: Poortinga (Poortinga 2006), Northridge et al. (Northridge, Sclar & Biswas 2003), and
Giles-Corti et al. (Giles-Corti et al. 2016).

Crime, social disorder, and unsafe neighbourhood can incite social isolation and fear
(Quinn & Biggs 2010) and inhibit physical activity (Bennett et al. 2007) whereas strong
social networks, safety, green space and pleasant scenery in a neighbourhood can improve
mental health or counter related adverse effects (Miles, Coutts & Mohamadi 2012;
Richardson et al. 2013; Stockdale et al. 2007) and encourage physical activity (Brownson
et al. 2001; Li et al. 2005; Poortinga 2006). Social activities can also be diminished in
sprawling areas owing to a heavy reliance on cars and longer travel time (especially for
commuting). The availability of social support and community resources and the
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establishment of positive social norms through social interactions and networks can
enable healthy choices and behaviours. A dense neighbourhood, however, may also
increase stress and disorder (Bramley et al. 2009) and promote unhealthy behaviours
(Schulz, Romppel & Grande 2016). Prolonged exposure to multiple adverse
environmental stressors can lead to “allostatic load” or the biological wear and tear of the
body’s physiological systems (Adler & Stewart 2010; McEwen & Wingfield 2003). The
strain accrued from stress can stimulate the release of substances (such as cortisol and
cytokines) that can damage the immune and body systems, accelerating the development
and progression of chronic diseases, including diabetes (McEwen & Wingfield 2003).
Stress can also motivate unhealthy eating, smoking, and drinking, and affect sleep.
Moreover, access to unhealthy food environment can have a synergistic effect. These
unhealthy behaviours and poor mental health can impact metabolic changes and body
weight, increasing the risk of T2DM.

Air pollution has been documented to change endothelial function, trigger inflammation,
and insulin resistance, and is associated with an elevated risk of hypertension
(Rajagopalan & Brook 2012; Schulz, Romppel & Grande 2016). Air pollution and road
traffic noise may also adversely affect blood lipid levels (Poursafa et al. 2014; Sørensen
et al. 2015) that, in turn, may influence blood pressure and T2DM risk. Some evidence
suggests that greenspace (Nowak, Crane & Stevens 2006), transport system and traffic
(Brownson et al. 2001) may influence local pollution levels and physical activity. Air
pollution may discourage exercise, while noise can affect sleep and mental well-being.
Individuals with easy access to medical and health facilities may be more likely to be
screened for diabetes and diagnosed early with prediabetes. This will allow to intervene
with lifestyle modifications which can reduce the risk of developing diabetes. They may
also have a better level of education and awareness on diabetes prevention. Furthermore,
individual-level socioeconomic and related characteristics can also influence the effect of
the built environment on T2DM. For instance, those with low socioeconomic status might
have limited access to health services (Nunes et al. 2014) and may be more vulnerable to
adverse built environment conditions (Bolte et al. 2009). Lastly, the determinants and
progression to diabetes can be shaped by circumstances and changes throughout the life
course.
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3.3 The 45 and Up Study
This research project used the data of the 45 and Up Study conducted in the state of New
South Wales (NSW), Australia, that is provided and managed by the Sax Institute in
collaboration with Cancer Council NSW and related institutions and agencies.1 The 45
and Up Study is a large longitudinal study aimed to collect information on a wide array
of exposures and health outcomes that can enable to explore ageing in the general
population of NSW (45 and Up Study Collaborators 2008). The study collected
information on socioeconomic, health, environment, behavioural, and health use from
267,153 individuals aged 45 years and over at baseline. Participants were randomly
selected from the Department of Human Services (formerly Medicare Australia)
database. Questionnaires were mailed to the participants, along with the consent and study
information sheet. Separate questions for men and women enabled the collection of
gender-specific data that was double-entered. The questionnaires were then sent back to
the study coordinating centre. To ensure an adequate sample, the study over-sampled
those living in rural areas and individuals aged 80 years and above.

The study was administered in 2006, and the full cohort was realised by the end of 2009
(referred to as wave 1 in this thesis). The response rate at baseline wave 1 was
approximately 18%. The first follow up commenced in 2012 up till 2015 (referred to as
wave 3 in this thesis) in order to assess changes in health and lifestyle over time. This
wave included some additional questions to than that of the baseline survey. Briefly, the
information collected in the questionnaires included socioeconomic and demographic
data (age, gender, postcode, ethnicity, education, employment, income, housing type),
lifestyle and behaviours (smoking, alcohol use, physical activity), medication use, disease
history, social support, distress, and functional status.

A subsample, the first 100,000 participants of the 45 and Up Study participants, was also
followed up for the Social, Economic and Environmental Factors (SEEF) Study in 2010
(referred to as wave 2 in this thesis). Of the 100,000 individuals to whom the
questionnaires were distributed, around 60% responded with completed questionnaires.
The SEEF Study aimed to examine the socioeconomic and environmental factors that

1

https://www.saxinstitute.org.au/our-work/45-up-study/
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influence health and wellbeing in mid to later life.

For the management of data in this thesis, the data dictionaries of the 45 and Up Study
provided by the Sax Institute were used.2 The dictionaries provide researchers with
information on the structure and coding of the variables in both the baseline and followup questionnaires and the datasets.

3.4 Analysis strategies
Many previous studies have employed various study designs to examine the extent to
which environmental characteristics influence health. Many used cross-sectional designs
to examine the association between the built environment and health, including those that
focused on T2DM. However, cross-sectional data is limited in its ability to examine the
directionality of associations, i.e. whether the exposure preceded the outcome. Although
randomised experimental studies are the gold standard when examining causal links
between exposure and outcome (Concato, Shah & Horwitz 2000), they are difficult to
conduct owing to the ethical issues in exposing individuals to unfavourable
environmental conditions, huge associated costs, the requisite large area sample and the
need to change the environment (Diez Roux & Mair 2010). For these reasons, studies that
employ such designs are limited. Another alternative that researchers may consider is
natural experiments (Cummins et al. 2005). However, in such designs, the randomisation
of participants and the exposure are not within the control of the researcher. Thus, it is
hard to infer causal associations.

Longitudinal studies have the ability to examine temporal associations, which is an
essential criterion to establish the causal effect of an exposure on an outcome (Feng et al.
2010). Furthermore, longitudinal data can help examine the effect of changes in exposure
to environmental conditions and movement across neighbourhoods over time. It also
helps to evaluate the effect of the duration and extent of exposure to environmental
conditions, thus provides stronger evidence of the environmental effect on health.

2

https://www.saxinstitute.org.au/our-work/45-up-study/data-book/
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In this thesis, individuals without T2DM in wave 2 were followed up in wave 3 for the
occurrence of diabetes, which enables a longitudinal design. It allowed the examination
of the movement of individuals across area disadvantage levels, and changes in
socioeconomic circumstances between waves 1 and 2. These movements across
neighbourhoods and changes in socioeconomic circumstances can indicate whether the
association between the environment and health is due to the one’s choice of or selection
into neighbourhoods or whether it is due to the effect of the environment. Self-selection
can confound the association between environment and health, and may induce or
magnify the association if not appropriately accounted for.

Owing to the non-availability of direct measures of preference and choice of
neighbourhood in the study dataset, marital status, employment status, and income were
used as residential self-selection measures. These socioeconomic circumstances,
including gender, age, and ethnicity has been shown to predict residential mobility and
selection (Bergström & Van Ham 2010; Cheshire 2007; Geist & McManus 2008;
Geronimus, Bound & Ro 2014; Morris, Manley & Sabel 2018; O׳Campo et al. 2015). For
instance, a decrease in income and unemployment may influence one’s preference which
in turn can compel one to move to a neighbourhood with cheaper housing. These
neighbourhoods may also have fewer environmental and physical resources that may
potentially support health.

3.5 Data extraction
This thesis used data from three waves (wave 1, wave 2, and wave 3) of the 45 and Up
Study. Those without T2DM in the SEEF study (wave 2) and reported exposure to certain
residential environmental characteristics were followed up in wave 3 for the occurrence
of incident T2DM. The data extraction process is illustrated in Figure 3.2.
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Figure 3.2: Flow chart illustrating the participant selection process

Table 3.1 shows the sample size and provides the comparison between participants
included in the analyses of this thesis and those who were lost to follow-up at wave 3.
The proportion of older people, males, those with low education levels, born outside
Australia, who were retired, lived in urban areas, from low-income households and more
disadvantaged areas were greater among the lost to follow-up individuals than the
participants included in the analysis. Similarly, more individuals who agreed that they
had local amenities, recreational facilities, footpaths, public transit, and both day- and
night-time neighbourhood crime rates made it unsafe to walk, were lost to follow up
compared to those included in the present study.
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Table 3.1: Comparison between those included in the study and lost to follow-up at wave
3 by key baseline characteristics
Characteristics
Demographic
Age
Sex
Marital status

Country of birth
Socioeconomic
Highest qualification

Working status

Household income (AUD)

Area-level
Area disadvantage

Area remoteness

Health
Family diabetes history
Environmental
Local amenities within walking distance
Free / low cost recreational facilities
Footpaths on most streets
Public transit within walking distance
Crime rates unsafe to walk during day
Crime rates unsafe to walk during day

Categories

N (mean)
Male
Female
Married / have partner
Single
Widowed
Divorced
Separated
Australia
Others

Participants
included
N (%)
36,224 (63.6)
15,866 (43.8)
20,358 (56.2)
28,910 (80.3)
2107 (5.9)
2288 (6.4)
2055 (5.7)
651 (1.8)
26,603 (79.6)
7348 (20.4)

Lost to follow
up
N (%)
17,770 (68.3)&
8496 (47.8)*
9274 (52.2)
14,025 (79.9)*
1120 (6.4)
1179 (6.7)
815 (4.6)
425 (2.4)
13,397 (76.3)*
4164 (23.7)

≥University
Diploma / high school
≤Year 10 / no schooling
Employed
Unemployed
Retired
≥70,000
50–69,999
40–49,999
30–39,999
20–29,999
10–19,999
≤999

10,983 (30.6)
15,214 (42.4)
9677 (27.0)
18,754 (51.2)
482 (1.3)
16,988 (46.9)
16,015 (47.0)
4503 (13.2)
2793 (8.2)
3174 (9.3)
3878 (11.4)
2972 (8.7)
770 (2.3)

3510 (20.2)*
7481 (42.9)
6431 (36.9)
7462 (42.0)*
314 (1.8)
9992 (56.2)
5760 (36.6)*
1816 (11.5)
1185 (7.5)
1628 (10.3)
2394 (15.2)
2238 (14.2)
723 (4.6)

Quintile 1 (high)
Quintile 2
Quintile 3
Quintile 4
Quintile 5 (low)
Major cities
Inner regional
Outer regional / remote

6233 (18.0)
6613 (19.1)
7063 (20.4)
7295 (21.0)
7474 (21.6)
17,700 (50.1)
13,165 (37.6)
4181 (11.9)

3833 (22.4)*
3569 (20.8)
3379 (19.7)
3206 (18.7)
3161 (18.4)
9194 (53.2)*
6142 (35.5)
1963 (11.4)

No
Yes

28,884 (79.7)
7339 (20.3)

14,301 (80.5)*
3468 (19.5)

Agree
Disagree
Agree
Disagree
Agree
Disagree
Agree
Disagree
Disagree
Agree
Disagree
Agree

16,505 (46.1)
19,280 (53.9)
26,265 (73.5)
9472 (26.5)
19,615 (54.8)
16,164 (45.2)
25,854 (72.4)
9844 (27.6)
34,577 (96.5)
1253 (3.5)
27,505 (76.8)
8296 (23.2)

8207 (47.5)*
9056 (52.5)
12,811 (74.3)
4432 (25.7)
10,358 (59.9)*
6935 (40.1)
12,813 (74.6)*
4374 (25.5)
16,220 (93.8)
1079 (6.2)
11,873 (68.6)
5440 (31.4)

N: number, &statistically significant two samples t-test, *statistically significant chi-square test; AUD:
Australian Dollar
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3.6 Dependent, independent, and other variables
Dependent/outcome variable: The dependent variable was self-reported doctordiagnosed diabetes status. Responses to the questions “Has a doctor ever told you that
you have diabetes?”, and “Have you taken any medications, vitamins or supplements for
most of the last 4 weeks? If yes, did you take Diabex, Diaformin metformin?” were used
to determine T2DM status. Those participants who reported having diabetes and taking
diabetes medications at wave 3 formed the incident T2DM cases. Although the diabetes
status does not specify the type of diabetes, a majority of the cases (≥90%) are of T2DM
(International Diabetes Federation 2017).

Independent/exposure variables: The six statements that were administered only in the
SEEF study (wave 2) were used to measure exposure to neighbourhood built environment
characteristics. These statements were adapted from the Physical Activity Neighbourhood
Environment Survey (Sallis et al. 2010), which assessed the perceived availability of
shops, stores, markets, or other places (collectively referred to as local amenities in this
thesis), public transit, footpaths, recreational facilities, and day- and night-time crime in
the neighbourhood. To facilitate interpretation and comprehension, the responses ranging
from 1 (strongly agree) to 4 (strongly disagree) were dichotomised as disagree (for
strongly disagree and somewhat disagree) and agree (for strongly agree and somewhat
agree) (Macniven et al. 2016). The six statements used to assess the residential built
environment characteristics are provided below. Replies to the question on crime were
inversed for analysis.

1. My neighbourhood has several free or low cost recreation facilities, such as parks,
walking paths, swimming pools.
2. There are footpaths on most of the streets in my neighbourhood.
3. Many shops, stores, markets or other places to buy things I need are within easy
walking distance of my home.
4. A public transport stop is within a 10–15 min walk from my home.
5. The crime rate in my neighbourhood makes it unsafe to go on walks during the
day.
6. The crime rate in my neighbourhood makes it unsafe to go on walks at night.
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Other variables: The variables used in each chapter is provided in Table 3.2.
Table 3.2: List of different variables used in each chapter
Chapters
Chapter 4
Independent variables
Residential self-selection
variables
Moderating variables
Chapter 5
Independent variables
Mediating variables
Chapter 6
Independent variables
Moderating variables
Mediating variables

Variables
Day crime, night crime, local amenities, public transport, footpaths,
recreational facilities
Household income, marital status, working status, area disadvantage
Gender, area disadvantage, residential duration
Day crime, night crime, local amenities
Physical activity, walking, social contact, sleep, body mass index,
psychological distress, sedentary behaviour
Local amenities, footpaths, recreational facilities, public transit,
composite measure (day and night crime, and local amenities)
Day crime, night crime
Physical activity, walking, social contact, sleep, body mass index

3.7 Ethical considerations
This thesis used the de-identified secondary data of the 45 and Up Study, and no major
ethical issues were envisaged for the conduct of the studies in this thesis. The University
of the New South Wales Human Research Ethics Committee (HREC) approved the
conduct of the primary study, i.e. the 45 and Up Study. The details of the study design
and cohort have been described previously (45 and Up Study Collaborators 2008). The
University of Wollongong HREC granted ethical clearance for the studies undertaken for
this thesis.

3.8 Multilevel modelling
One of the major issues in studying the built environment in relation to health is the
difficulty in distinguishing the role of contextual factors and compositional factors.
Associations that may ostensibly be due to the contextual factors can turn out to be
correlated with individual-level compositional factors. Obtaining both contextual and
individual-level data and the use of statistical analysis, such as that of multilevel
modelling, can help overcome this issue (Black & Macinko 2008).
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Figure 3.3: An illustration of hierarchical data structure

This research employed multilevel modelling for data analysis in chapters 4 and 6.
Multilevel modelling, also known as mixed or hierarchical modelling, allows the analysis
of data that is structured hierarchically, wherein data collected at a lower-level are
clustered within data collected at one or more higher levels (Diez-Roux 2000;
Subramanian, Jones & Duncan 2003). Multilevel modelling can disentangle the effects
of independent variables operating at different levels and/or geographic scales, which
allows precluding distortion of the findings by ecological and atomistic fallacy.
Ecological fallacy (also known as ecological inference fallacy or population fallacy)
refers to drawing erroneous conclusions or inferences (about causal relationships) at an
individual-level using group-level information. By contrast, atomistic fallacy refers to the
opposite, wherein erroneous conclusions or inferences about causal relationships in
groups might be drawn when based on information solely on individuals (Diez-Roux
2002). This is befitting in studying the influence of the neighbourhood built environment
on health where individuals are usually nested in a neighbourhood, and neighbourhoods
in turn, are nested within census areas and/or zip code (US) or post code (Australia) area
and so on (Figure 3.3).

The multilevel approach can also address clustering. Because individuals are nested
within an area (i.e. share a common environment), different people may have similar
health. The multilevel analysis helps to demonstrate the effect of the area or the
environment on health when accounting for individual factors, thereby allowing the
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assessment of individual and contextual factors separately (Subramanian, Jones &
Duncan 2003). Multilevel models allow the effect of the independent variable to vary
across neighbourhoods which are the random effects, and their average of neighbourhood
and individual characteristics are the fixed effects. The variance of the intercepts or slopes
is the random coefficient. The mean slope averaged across neighbourhoods is the fixed
coefficient. It also takes into account the correlation among observations within the
cluster. Common regression techniques are not able to account for this contextual
phenomenon, potentially leading to biased results.

Multilevel logistic regression was used to estimate odds ratios (OR) along with the 95%
confidence intervals for the influence of the residential built environment characteristics
on T2DM in chapters 4 and 6. A two-level multilevel model with individuals at level 1
and Local Government Area (LGA) at level 2 was fitted for the multilevel analysis. The
LGAs developed by using one or more mesh blocks (the smallest statistical area)
represent jurisdictions of consequence for local council decision-making that affects built
environments to which people are exposed in this study population. The size of LGA in
Australia ranges from 1.4 to as large as 379,571 square kilometres (Local Government
Information Unit 2020). Because of the large number of participants, the multilevel Cox
proportional hazards model was not used in the analysis. Logistic regression model is a
good approximation of Cox’s proportional hazards model estimates when the sample size
is large, the outcome incidence is low, the follow-up time is not too long, and the risk
ratios are of moderate size (Callas, Pastides & Hosmer 1998).

Using those built environment characteristics found to be significantly associated with
T2DM incidence in Chapter 4, a composite measure of the perceived built environment
was also constructed to assess its influence on T2DM incidence using multilevel analysis
in Chapter 6. Marginal probabilities of T2DM incidence were estimated to examine
whether the odds of incident T2DM increase with rising clusters of unfavourable
neighbourhood environment and area disadvantage. Marginal probability is the
probability of an event occurring regardless of the outcome of another variable. The
analyses were conducted using the STATA version 14.2 statistical package on the online
interface SURE, the Secure Unified Research Environment of the Sax Institute.3
3

https://www.saxinstitute.org.au/our-work/sure/
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3.9 Modelling interactions
This thesis also examined the role of certain sociodemographic factors, such as gender,
area disadvantage, duration of residence, and crime in modifying the influence of the built
environment characteristics on T2DM in chapters 4 and 6. Figure 3.4 (below) depicts how
the hypothesised modifiers may influence the impact of the built environment on T2DM.
Such an analysis can help to identify populations at risk that are affected by adverse built
environment conditions, and may acquire the highest benefit from built environment
interventions (Corraini et al. 2017).

Environment

a
Increase

b
Moderator

T2DM RISK

c
Environment
X
Moderator

Decrease

Figure 3.4: Diagrammatic illustration of effect modification, adapted from Baron &
Kenney, 1986 (Baron & Kenny 1986).
T2DM-type 2 diabetes mellitus; a-environment–T2DM association; b- moderator-T2DM association; cmoderated effect of environment and modifier

Two-way interaction terms that assess the interaction between two variables were
introduced in the models adjusted for other confounders to examine the potential effect
modification of the built environment–T2DM relationship by other variables of interest.
Additionally, analysis stratified by some of the posited effect modifiers was also
performed to assess the differences in the effect of the built environment. Stratification
analysis can generate estimates for each strata of the effect modifier variable and thus the
results are easier to comprehend. Interaction terms on the other hand, although generates
many estimate parameters making it hard to understand and interpret, it has the advantage
of producing estimates of statistical significance of interaction.
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3.10 Mediation analysis
The pathways through which the built environment influences T2DM are currently not
adequately explored. In order to identify the pathways through which the built
environment may influence T2DM, this thesis used a regression-based causal mediation
analysis (see Chapter 5). Mediation analysis helps to identify and explain the potential
mechanistic pathway that underlies the observed association between an independent and
a dependent variable through a third intermediate variable, known as the mediator
variable (MacKinnon, Fairchild & Fritz 2007; VanderWeele 2016). This approach
partitions the exposure-outcome relationship (total effect) into an indirect effect through
the mediator and a direct effect via other pathways. Figure 3.5 depicts a simple mediation
model.

i.

c

Environment

a

ii.

Environment

Mediator

c’

T2DM

b
T2DM

Figure 3.5: Illustration of mediation model
Figure showing total effect (c) of exposure (built environment) on outcome (T2DM-type 2 diabetes
mellitus) (i), and indirect effect (ab) through the mediator and the direct effect (c’) (ii), adapted from Baron
& Kenney, 1986 (Baron & Kenny 1986).

The traditional approach to assess mediation that is widely used (propagated by Baron
and Kenny and also known as the causal steps approach) involves the comparison of
regression models with and without conditioning on the mediator variable (Baron &
Kenny 1986). Although simple and easily understood, several flaws in the traditional
method has been discussed and recognised (Hayes 2009; MacKinnon, Fairchild & Fritz
2007; Valeri & Vanderweele 2013; Zhao, Lynch Jr & Chen 2010). These include; 1) the
need for a statistically significant total effect, 2) the low statistical power of the indirect
effect test, 3) not being focused on indirect effect estimate, 4) the potentially misleading
classification into full or partial mediation, and 5) the assumption that there is no
exposure-mediator interaction (Hayes 2009; MacKinnon, Fairchild & Fritz 2007; Valeri
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& Vanderweele 2013; Zhao, Lynch Jr & Chen 2010). The presence of a statistically
significant indirect effect and the use of the bootstrap test for inference in mediation
analysis have been widely recognised.

The more recent causal mediation analysis approach using the counterfactual outcomes
enables the decomposition of the total effect into the natural direct and indirect effects
(Valeri & Vanderweele 2013; VanderWeele 2016). This method compares the outcome
under different scenarios of exposure and mediator values, and overcomes some of the
limitations of the traditional approach, such as allowing for exposure-mediator interaction
and testing the statistical significance of indirect effect. The indirect effect portrays the
effect of exposure on the outcome comparing the effects in relation to the change in the
mediator. Controlled direct effect (CDE) is the effect of exposure on the outcome setting
the mediator to a predefined value, and the natural direct effect (NDE) indicates the effect
of exposure on the outcome setting the mediator to the value which it naturally would
have been in the absence of exposure. Information on pathways is obtained from natural
effects.

Separate single mediation models were fitted to test a range of hypothesised candidate
mediators of the built environment characteristics (local amenities, and day and night
crime) and T2DM incidence. The proportion mediated was calculated for the indirect
effects identified to quantify the magnitude of the mediated effect (Hayes 2009;
MacKinnon, Fairchild & Fritz 2007; Vanderweele & Vansteelandt 2010). This thesis used
the “paramed” macro developed for STATA to perform the causal mediation analysis
(Emsley & Liu 2013). This macro allows binary outcomes, and also continuous or binary
mediators.

3.11 Moderated mediation analysis
Chapter 6 primarily investigated whether perceived crime moderated the association
between the built environment and T2DM using interaction analyses and testing a
moderated mediation model. Moderated mediation approach, also known as “conditional
indirect effect,” combines mediation and moderation analysis by introducing a moderator
into the mediation model (Hayes 2017; Preacher, Rucker & Hayes 2007). It allows for
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examining whether the strength of the indirect or the mediated effect depends on the level
of another variable (the moderator). Such models can help disentangle the nature of the
intricate relationships between the exposure (built environment) and outcome (T2DM).

Moderator

Moderator

Mediators

a
Environment

b
c’

Type 2 Diabetes

Figure 3.6: Illustration of the moderated-mediation model tested in this thesis
ab: indirect effect; c’: direct effect; moderator: perceived day and night crime

Figure 3.6 illustrates the moderated mediation model tested in this thesis. Initially, twoway interaction terms between crime and other built-environment variables were fitted.
After that, causal mediation models disaggregated by crime were fitted to examine the
moderated mediation effect. The STATA “paramed” command was used to perform the
analysis which was stratified by crime.

3.12 Summary
This chapter highlighted the research approaches employed in this thesis including the
theoretical framework which illustrated the conceptual underpinnings of this research.
This thesis used a large longitudinal data that accounted for some markers of residential
self-selection with the aim to provide stronger evidence on the association between built
environment and T2DM. The quantitative analysis included multi-level logistic models,
interaction analysis, mediation analysis, and testing of moderated mediation model. The
subsequent chapters will detail the empirical studies undertaken including the specific
methods used to address the objectives of this thesis.
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Chapter Four: The longitudinal association between perceived built
environment characteristics and type 2 diabetes risk

4.1 Preface
The literature review in the earlier Chapter 2 identified several gaps in the literature on
the built environment’s influences on T2DM. While studies have investigated the
association between different characteristics of the built environment and T2DM, many
of the studies conducted cross-sectional analysis and did not examine the potential
influence of residential self-selection. Moreover, most only focused on a single measure
of the built environment, and the associations established could have been confounded by
other related built environment characteristics. The evidence on some other
environmental characteristics such as the food and physical activity environment was also
inconsistent.

Using a large longitudinal data, this chapter addressed the second objective, i.e. to
investigate the association between six perceived built environment characteristics and
T2DM incidence. The extent to which whether some markers of residential self-selection
confounded the association between the built environment and T2DM was also explored.
In addition, this study assessed whether the associations identified depended on gender,
area disadvantage, and duration lived in the same residence. This study was crucial in
determining the possibility of undertaking the subsequent studies that aimed to identify
the potential pathways through which the built environment exerts influence on T2DM
risk, and examine the possible moderating role of neighbourhood crime on the built
environment–T2DM association, and the intervening pathways.

Citation: Dendup, T, Astell-Burt, T & Feng, X 2019, 'Residential self-selection,
perceived built environment and type 2 diabetes incidence: A longitudinal analysis of
36,224 middle to older age adults', Health & Place, vol. 58, p. 102154.
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4.2 The published article: Residential self-selection, perceived built environment
and type 2 diabetes incidence: A longitudinal analysis of 36,224 middle to older age
adults

4.2.1 Abstract
Many of the existing studies on the built environment and type 2 diabetes are crosssectional and prone to residential self-selection bias. Using multilevel logistic regression
analysis of 36,224 participants from a longitudinal study, this study examined whether
perceived built environment characteristics are associated with type 2 diabetes. The
results showed that the odds of diabetes incidence varied geographically. Those who
reported that there were no local amenities (aOR: 1.31, 95% CI: 1.14–1.49) and reported
day- (aOR: 1.38, 95% CI: 1.05–1.82) and night-time (aOR: 1.28, 95% CI: 1.10–1.48)
crime rates made walking unsafe in the neighbourhood had higher odds of developing
incident type 2 diabetes. These associations persisted after accounting for some predictors
of residential self-selection. More longitudinal studies are needed to corroborate the
findings. Changing the features of the residential built environment may be an important
point of intervention for type 2 diabetes prevention.

Keywords: built environment; diabetes; crime; amenities; public transit; residential selfselection.
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4.2.2 Introduction
The escalating burden of type 2 diabetes worldwide poses a major health and economic
challenge (International Diabetes Federation 2017). In Australia, around one million
adults are estimated to have type 2 diabetes in 2014-15, which is a threefold increase since
1989-90 (Australian Bureau of Statistics 2015). Although largely preventable via lifestyle
modification and maintenance of a healthy weight (Kosaka, Noda & Kuzuya 2005;
Lindström et al. 2003; Tuomilehto et al. 2001), the growing burden of type 2 diabetes
indicates past interventions – which have mostly focussed upon individuals considered to
be at high risk – have not yielded population-level gains. This has prompted calls for an
enhanced understanding of the role of the environment in type 2 diabetes prevention
recently (den Braver et al. 2018; Dendup et al. 2018).

Growing evidence indicates that the environment in which a person lives may influence
type 2 diabetes (den Braver et al. 2018; Dendup et al. 2018; Diez Roux & Mair 2010).
Studies found living in a walkable (Booth et al. 2013; Müller-Riemenschneider et al.
2013; Paquet et al. 2014) and green (Astell-Burt, Feng & Kolt 2014; Bodicoat,
O'Donovan, et al. 2014; Dalton et al. 2016; Muller et al. 2018) neighbourhood to be
protective against type 2 diabetes. Whereas, higher levels of air pollution and noise was
associated with increased type 2 diabetes risk (Dendup et al. 2018). Access to
neighbourhood resources that support physical activity and healthy food has also been
shown to be correlated with reduced type 2 diabetes risk (Auchincloss et al. 2008;
Auchincloss et al. 2009; Christine et al. 2015), and access to unhealthy food resources
with increased risk (Gebreab et al. 2017; Mezuk et al. 2016). However, some studies
found no strong relationship between type 2 diabetes and physical activity and food
environment (Gebreab et al. 2017; Lee et al. 2017; Paquet et al. 2014; Sundquist et al.
2015) and the current evidence presents mixed results. Likewise, the effect of safety and
area violence on type 2 diabetes incidence although in the expected direction was not
found to be strong (Christine et al. 2015; Gebreab et al. 2017).

Different environmental features have been posited to alter behaviours and increase
exposure to physical, social and psychological stressors. Individuals living in a
neighbourhood that has destinations close by, well-connected streets and footpaths, green
spaces, recreational resources, and low crimes may be more likely to engage in physical
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and recreational activities (Bennett et al. 2007; Djurhuus et al. 2014; Harrison, Gemmell
& Heller 2007; Lee & Moudon 2004; Saelens, Sallis & Frank 2003; Sallis & Glanz 2009;
Stafford, Chandola & Marmot 2007). Recreational facilities including open spaces and
parks may also facilitate social contacts which in turn can positively influence healthy
behaviours and mental health (Sugiyama et al. 2008). Similarly, easy access to affordable
healthy food resources may encourage intake of a healthy diet (Sallis & Glanz 2009).
Furthermore, low crime rates and green spaces may promote mental health and social
activities (Astell-Burt, Mitchell & Hartig 2014; Stafford, Chandola & Marmot 2007).
These behaviours and mental well-being shaped by the environment can affect energy
balance and metabolic processes that in turn can influence obesity risk, and consequently
that of type 2 diabetes.

Much of the current data emanates from cross-sectional studies and is prone to bias
attributable to residential self-selection. This source of bias is often acknowledged as a
limitation but rarely investigated explicitly (Dendup et al. 2018). An individual’s
preferences, needs, and values that influence their risk of developing type 2 diabetes may
also have an influence upon what type of neighbourhood they choose to live in (Galster
2008). This is potentially important because if these underlying preferences, needs, and
values strongly shape diabetes risk and neighbourhood sorting, studies that do not take
this into account may overestimate or fully induce an association where there is none
(Mokhtarian & Cao 2008). Socioeconomic and demographic traits such as age, gender,
income, marital status, education, employment, ethnicity and area deprivation has been
shown to predict residential selection and mobility (Bergström & Van Ham 2010;
Cheshire 2007; Geist & McManus 2008; Geronimus, Bound & Ro 2014; Morris, Manley
& Sabel 2018; O׳Campo et al. 2015). This not only includes self-selection, but also
neighbourhood sorting by structural forces, such as racist attitudes in the housing market
that limit where people can live (Nelson et al. 2015). For example, individuals who are
unemployed may be more likely to move into deprived neighbourhoods than those who
are employed for many reasons, such as the pursuit of more affordable accommodation
since the housing stock in these areas tend to be cheaper. Disadvantaged neighbourhoods
are thought to generally have fewer social and environmental resources, poorer housing
quality, and higher disorder putting the residents at a potentially higher risk of unhealthy
behaviours and subsequent adverse health outcomes (Ross & Mirowsky 2001; Zenk et al.
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2005).

It is also plausible that this correlation versus causation issue varies within populations
due to differences in residential mobility between urban and rural areas, men and women,
and is subject to the length of time people have lived in the same residence (Ferreira,
Gyourko & Tracy 2010; Geissler, Leopold & Pink 2013; Geronimus, Bound & Ro 2014).
Using a longitudinal data, this study examined whether the perceptions on the availability
of recreational facilities, public transport, local amenities, footpaths in the neighbourhood
and neighbourhood crime are associated with type 2 diabetes incidence, and explored to
what extent some markers of potential residential self-selection confounded the
association. The hypothesis that the effect of the built environment on diabetes incidence
may differ by gender, area disadvantage and duration lived in the same residence was also
tested.

4.2.3 Methods
4.2.3.1 Data
This study used the dataset of the Sax Institute’s 45 and Up Study, a large longitudinal
study of healthy ageing in the general population living in New South Wales (NSW),
Australia (45 and Up Study Collaborators 2008). The baseline recruitment that occurred
from 2006–2009 collected information on a wide array of exposures and health outcomes
from 267,153 individuals aged ≥45 years randomly selected from the Department of
Human Services (formerly Medicare Australia) enrolment database. The data was
collected using a self-completed questionnaire that was mailed to the participants, and the
response rate at baseline was around 18%. Individuals >80 years of age and those living
in rural areas were oversampled. Full residential addresses of the participants were not
available in the 45 and Up Study. The study was granted ethical approval by the
University of the NSW Human Research Ethics Committee (HREC). Ethical clearance
for this study was accorded by the University of Wollongong and the Illawarra
Shoalhaven Local Health District Health and Medical HREC.

A sub-study of just the first 100,000 baseline participants were followed-up for the Social,
Economic and Environmental Factors (SEEF) study in 2010, referred [to] as wave 2 in
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this study. Around 60% completed the questionnaires. The SEEF study was aimed to
examine health and wellbeing in relation to social, economic and environmental factors.
The subsequent follow-up occurred from 2012–2015, referred [to] as wave 3 in this study.
Of the total 60,338 participants in wave 2, those who reported having type 2 diabetes in
wave 2 (N = 5,845), those missing and/or lost to follow-up (N = 17,770) and without
diabetes information (N = 499) in wave 3 were excluded, leaving a final sample of 36,224
(43.8% men and 56.2% women) for this study. Of the total participants excluded, 50.4%
were men, and 49.6% were women. The mean age of the participants in wave 1 (baseline
year) and wave 2 were 62.75 and 65.5 years, respectively.

4.2.3.2 Study variables
Type 2 diabetes: Type 2 diabetes status was derived from the response to the questions
“Has a doctor ever told you that you have diabetes?”, and “Have you taken any
medications, vitamins or supplements for most of the last 4 weeks? If yes, did you take
Diabex, Diaformin metformin?” Participants who reported not having doctor-diagnosed
type 2 diabetes at wave 2 were followed-up, and those who reported having type 2
diabetes and/or taking type 2 diabetes medications at wave 3 constituted the incident type
2 diabetes cases. Self-reported diabetes data in the 45 and Up study sample was found to
have high sensitivity and specificity when compared to administrative data (Comino et
al. 2013).

Built environment: This study used the six questions that were measured in wave 2 on the
availability shops, stores, market or other places (collectively referred as local amenities
in this study), public transport, footpaths, recreational facilities, and day and night area
crime. Responses were dichotomised as disagree (for strongly disagree and somewhat
disagree) and agree (for strongly agree and somewhat agree) as was categorised in a
previous study (Macniven et al. 2016). The responses to the crime-related questions were
inversed. The specific questions are as below.

-

My neighbourhood has several; free or low cost recreation facilities, such as parks,
walking paths, swimming pools.

-

There are footpaths on most of the streets in my neighbourhood.
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-

Many shops, stores, markets or other places to buy things I need are within easy
walking distance of my home.

-

A public transport stop is within a 10–15 minute walk from my home.

-

The crime rate in my neighbourhood makes it unsafe to go on walks during the day.

-

The crime rate in my neighbourhood makes it unsafe to go on walks at night.

Residential self-selection and other sources of confounding: Area disadvantage was
measured using the Socio-Economic Indexes for Areas (SEIFA), the Index of Relative
Socioeconomic Disadvantage (Pink 2013). The index is developed by principal
components analysis using variables such as income, education, employment, occupation,
housing and other indicators (Pink 2013). Lower index score implies higher area
disadvantage and was divided into quintiles for this study. The spatial scale used to define
SEIFA was Statistical Area Level 1. Area remoteness was determined using the
Accessibility/Remoteness Index which ranged from 0 (high accessibility) to 15 (high
remoteness) based on road distances to the nearest service centre that was grouped into
major cities, inner regional, and outer regional / remote (also includes very remote) areas.

Other variables include age (categorised in years as <55, 55–64, 65–74, >74), gender
(male, female), marital status (categorised as married / have partner, single, widowed,
divorced, separated), birth country (categorised as Australia, others), highest qualification
(categorised as ≥university, diploma / high school, ≤year 10 / no schooling), working
status (categorised as employed, unemployed, retired), annual household income
(categorised as Australian dollar ≥70,000, 50–69,999, 40–49,999, 30–39,999, 20–29,999,
10–19,999, ≤9,999), duration lived in the same residence (categorised as ≤5 years, >5
years), and family history of type 2 diabetes (categorised as yes, no). Those who reported
that their father, mother or brothers/sisters had diabetes were classified as having a family
history of type 2 diabetes.

Prior studies indicate that area socioeconomic status (Chong et al. 2013; Groenewegen et
al. 2018), gender (Booth et al. 2013; Brook et al. 2008; Eriksson et al. 2014; MüllerRiemenschneider et al. 2013), and duration of residence (Booth et al. 2013; Eriksson et
al. 2014) may modify the association between built environment and diabetes and related
outcomes. Residential socioeconomic environment may influence the availability of
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amenities and other socioeconomic resources that in turn can impact upon health (Zenk
et al. 2005). The environmental effect on health may be also more marked among those
who lived in the neighbourhood for longer duration from longer exposure to environment
and better exposure classification (Eriksson et al. 2014). The effect modifier variables
examined were area disadvantage, gender and duration lived in the same residence, and
the residential selection variables were marital status, working status, and household
income.

4.2.3.3 Statistical analysis
Cross-tabulations were used to describe the distribution of incident type 2 diabetes.
Multilevel logistic regression with individuals at level 1 and Local Government Area
(LGA) at level 2 was fitted to assess the association between the perceived built
environment variables and type 2 diabetes incidence. LGAs are approximate boundaries
of local government constructed by using one or more whole mesh blocks (Australian
Bureau of Statistics 2011).

Five models were developed. The first model adjusted for age and gender only. The
second model included the built environment variables in addition to other demographic
variables. This was followed by the inclusion of socioeconomic (Model 3), area-level
(Model 4), and then health (Model 5) variables in the subsequent models. All built
environment variables were included and adjusted for each other given the possible
confounding effect of one built environment variable on the other in relation to the
outcome. The adjusted odds ratio (AOR) and their 95% confidence intervals (CIs) were
reported. Possible effect modification by area disadvantage, gender and duration lived in
the same residence was evaluated by fitting two-way interaction terms. Separate models
were also assessed by gender and for duration lived in the same residence and major cities.
Median odds ratios (MOR) were estimated to assess geographic variations in the risk of
developing type 2 diabetes (Merlo et al. 2006). MOR can be interpreted as the increased
risk of moving to another higher risk area, thus suitable to quantify area differences
(Merlo et al. 2006). An MOR that is greater than one implies strong area difference,
whereas a value equal to one suggests absence of area difference.

Further analyses were conducted to explore the potential influence of residential self96

selection. This was done in three steps. First, multilevel multinomial regression was used
to examine whether changes in socioeconomic indicators (income, employment, and
marital status) between wave 1 and 2 predicted residential mobility / change in area-level
socioeconomic circumstances between wave 1 and 2. Second, the individual- and arealevel changes in circumstances were used to predict perceptions for each of the built
environment variables using multilevel logistic regression. Third, the earlier multilevel
logistic regressions (with diabetes as the outcome) were augmented with variables
denoting individual- and area-level changes in circumstances between wave 1 and 2.
Possible attenuation of associations between the built environment and type 2 diabetes
due to the addition of these variables was used to determine the importance of potential
residential self-selection. All analyses were conducted in STATA version 14.2 package.

4.2.4 Results
4.2.4.1 Associations between type 2 diabetes and built environment
Table 4.1: Distribution of incident type 2 diabetes by baseline demographic,
socioeconomic, area-level, health and built environment characteristics (N = 36,224)
Variables
Demographic
Age (years)

Gender
Marital status

Birth country

Socioeconomic
Highest qualification

Working status

Annual household income (AUD)

Categories
<55
55–64
65–74
>74
Male
Female
Married / have partner
Single
Widowed
Divorced
Separated
Missing / not reported
Australia
Others
Missing / not reported

T2D
N (%)
211 (2.8)
509 (3.7)
446 (4.5)
173 (3.6)
705 (4.4)
634 (3.1)
1,054 (3.7)
99 (4.7)
95 (4.2)
59 (2.9)
24 (3.7)
8 (3.8)
1,035 (3.6)
289 (3.9)
15 (5.5)

p-value*

N
7,564
13,913
9,959
4,788
15,866
20,358
28,910
2,107
2,288
2,055
651
213
28,603
7,348
273

≥University
Diploma / high school
≤Year 10 / no schooling
Missing / not reported
Employed
Unemployed
Retired
≥70,000
50–69,999
40–49,999
30–39,999
20–29,999
10–19,999

10,983
15,214
9,677
350
18,754
482
16,988
16,015
4,503
2,793
3,174
3,878
2,972

332 (3.0)
573 (3.8)
417 (4.3)
17 (4.9)
632 (3.4)
25 (5.2)
682 (4.0)
492 (3.1)
155 (3.4)
101 (3.6)
141 (4.4)
168 (4.3)
143 (4.8)

<0.001

<0.001

<0.001
0.022

0.202

0.001

<0.001
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Area-level
Area disadvantage

Area remoteness

Health
Family history of diabetes

Built environment
Free / low cost recreation facilities

Footpaths on most streets

Local amenities within walking
distance

Public transport within walking
distance

Crime rates unsafe to walk during
day

Crime rates unsafe to walk during
night

≤9,999
Missing / not reported

770
2,119

59 (7.7)
80 (3.8)

Quintile 1 (high)
Quintile 2
Quintile 3
Quintile 4
Quintile 5 (low)
Missing / not reported
Major cities
Inner regional
Outer regional / remote
Missing / not reported
No
Yes
Missing / not reported

6,233
6,613
7,063
7,295
7,474
1,546
17,700
13,165
4,181
1,178
28,884
7,339
1

290 (4.7)
250 (3.8)
262 (3.7)
250 (3.4)
244 (3.3)
43 (2.8)
718 (4.1)
429 (3.3)
162 (3.9)
30 (2.6)
878 (3.0)
461 (6.3)
0

<0.001

Agree
Disagree
Missing / not reported
Agree
Disagree
Missing / not reported
Agree

26,265
9,472
487
19,615
16,164
445
16,505

989 (3.8)
342 (3.6)
8 (1.6)
786 (4.0)
546 (3.4)
7 (1.6)
581 (3.5)

0.495

Disagree
Missing / not reported
Agree

19,280
439
25,854

750 (3.9)
8 (1.8)
990 (3.8)

0.086

Disagree
Missing / not reported
Disagree

9,844
526
34,577

339 (3.4)
10 (1.9)
1,249 (3.6)

<0.001

Agree
Missing / not reported
Disagree

1,253
394
27,505

79 (6.3)
11 (2.8)
930 (3.4)

<0.001

Agree
Missing / not reported

8,296
423

398 (4.8)
11 (2.6)

0.001

<0.001

0.002

0.065

N = number; T2D = type 2 diabetes; * chi-square significance test (missing values were not included); Bold
= p<0.05; AUD: Australian Dollar; Agree: somewhat agree / strongly agree; Disagree: strongly disagree /
somewhat disagree

Of the total 36,224 participants without type 2 diabetes in wave 2, 3.7% (1,339) developed
type 2 diabetes at follow-up, wave 3. The mean (SD) age of the participants was 63.6
(9.37) years and the mean follow-up period was 5 years. The majority of the participants
were female, had a diploma / high school level of education and were from the highincome group (Table 4.1). Type 2 diabetes incidence was higher among males, those who
were single and widowed, unemployed, living in disadvantaged and urban areas, had a
lower level of education and income, and those with a family history of diabetes. The
incidence was also higher among those who reported that there were footpaths, and that
neighbourhood crime rates during day and night were unsafe for walking.
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Table 4.2 shows a MOR of 1.34, meaning that the incidence of type 2 diabetes varied
geographically. Including built environment variables partly explained this between area
variation and fitting other variables further reduced the variation. The MOR was,
however, >1 in the final model denoting possible area differences not explained by
variables considered in this study. The odds for incident type 2 diabetes was 31% higher
among participants who reported they did not have local amenities within easy walking
distance (p<0.001) (Table 4.2 & Figure 4.1). Those who reported that crime rates during
the day and night in the neighbourhood made walking unsafe also had 1.38 (p=0.021) and
1.28 (p=0.001) times higher odds of developing incident type 2 diabetes, respectively.
The association for perceived neighbourhood footpaths was in the counter-intuitive
direction, and was null or not strong for the rest of the environmental variables. Although
in the similar direction, the association was attenuated for local amenities and footpaths,
whereas the association for day and night crime emerged stronger in the models that
assessed the built environment variables individually (Supplementary Table S4.1),
suggesting some confounding effect of the built environment variables onto each other.

Figure 4.1: Adjusted odds ratio of the association between perceived built environment
characteristics and type 2 diabetes incidence
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Increasing the integration points by more than two folds led to virtually identical
coefficients and standard errors in the final model supporting the accurate approximation
of the built environment effect. Other factors associated with increased odds of incident
type 2 diabetes were older age (55–74 years), male sex, being single, lower household
income, high area disadvantage, living in major cities than in inner regional areas and a
family history of type 2 diabetes (Table 4.2).
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Table 4.2: Multilevel logistic regression of the association between built environment characteristics and type 2 diabetes incidence adjusted
for demographic, socioeconomic, area-level and health variables
Variables
Fixed effects
Demographic
Age (ref:<55 years)
55–64
65–74
>74
Gender (ref: Male)
Female
Marital status (ref: Married / have partner)
Single
Widowed
Divorced
Separated
Birth country (ref: Australia)
Others
Built environment
Free / low cost recreation facilities (ref: Agree)
Footpaths on most streets (ref: Agree)
Local amenities within walking distance (ref: Agree)
Public transport within walking distance (ref: Agree)
Crime rates unsafe to walk during day (ref: Disagree)
Crime rates unsafe to walk during night (ref: Disagree)
Socioeconomic
Highest qualification (ref: ≥University)
Diploma / high school
≤Year 10 / no schooling
Working status (ref: Employed)
Unemployed
Retired
Annual household income (ref: ≥70,000) (AUD)
50–69,999
40–49,999
30–39,999

Model 1
Model 2
Model 3
Adjusted Odds Ratio (95% Confidence Interval)

Model 4

Model 5

1.28 (1.09–1.51)
1.56 (1.32–1.85)
1.19 (0.97–1.47)

1.24 (1.05–1.47)
1.46 (1.23–1.73)
1.12 (0.90–1.39)

1.18 (0.99–1.41)
1.37 (1.10–1.71)
1.00 (0.76–1.32)

1.21 (1.02–1.45)
1.41 (1.13–1.76)
1.00 (0.76–1.32)

1.23 (1.03–1.47)
1.51 (1.21–1.89)
1.11 (0.84–1.46)

0.71 (0.64–0.79)

0.68 (0.61–0.77)

0.65 (0.58–0.74)

0.65 (0.58–0.74)

0.64 (0.56–0.72)

1.36 (1.10–1.70)
1.17 (0.94–1.47)
0.84 (0.64–1.12)
1.09 (0.72–1.65)

1.27 (1.01–1.60)
1.04 (0.82–1.32)
0.84 (0.63–1.12)
1.03 (0.68–1.57)

1.25 (0.99–1.57)
0.97 (0.76–1.25)
0.84 (0.63–1.12)
1.02 (0.67–1.55)

1.27 (1.01–1.60)
0.97 (0.75–1.24)
0.86 (0.64–1.14)
1.04 (0.68–1.58)

1.07 (0.94–1.23)

1.11 (0.96–1.28)

1.10 (0.95–1.27)

1.10 (0.95–1.27)

1.01 (0.87–1.18)
0.80 (0.70–0.93)
1.25 (1.10–1.42)
0.98 (0.83–1.14)
1.44 (1.12–1.87)
1.37 (1.19–1.57)

1.00 (0.85–1.17)
0.80 (0.69–0.93)
1.29 (1.13–1.47)
0.95 (0.80–1.12)
1.35 (1.03–1.78)
1.32 (1.14–1.52)

1.01 (0.86–1.19)
0.83 (0.72–0.97)
1.31 (1.14–1.50)
0.98 (0.82–1.17)
1.35 (1.03–1.78)
1.28 (1.11–1.48)

1.01 (0.86–1.18)
0.84 (0.72–0.97)
1.31 (1.14–1.49)
0.99 (0.83–1.18)
1.38 (1.05–1.82)
1.28 (1.10–1.48)

1.09 (0.94–1.27)
1.21 (1.02–1.44)

1.08 (0.93–1.25)
1.19 (0.99–1.41)

1.07 (0.92–1.24)
1.17 (0.98–1.39)

1.26 (0.81–1.95)
0.93 (0.79–1.09)

1.27 (0.82–1.98)
0.93 (0.79–1.10)

1.32 (0.85–2.05)
0.93 (0.79–1.10)

1.04 (0.85–1.26)
1.10 (0.88–1.40)
1.30 (1.05–1.62)

1.03 (0.84–1.25)
1.09 (0.86–1.38)
1.30 (1.05–1.62)

1.03 (0.85–1.26)
1.07 (0.84–1.36)
1.28 (1.03–1.59)

962
0.023
<0.001
0.899
0.021
0.001
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20–29,999
10–19,999
≤9,999
Area-level
Area disadvantage (ref: Quintile 1 (high))
Quintile 2
Quintile 3
Quintile 4
Quintile 5 (low)
Area remoteness (ref: Major cities)
Inner regional
Outer regional / remote
Health
Family history of diabetes (ref: No)
Yes
Random effects
LGA: Variance (standard error)
MOR

1.19 (0.96–1.47)
1.35 (1.07–1.71)
2.16 (1.56–2.97)

1.16 (0.94–1.45)
1.34 (1.06–1.71)
2.08 (1.50–2.88)

1.14 (0.91–1.41)
1.31 (1.03–1.66)
1.97 (1.42–2.74)

0.87 (0.72–1.04)
0.83 (0.68–1.01)
0.81 (0.67–0.99)
0.75 (0.60–0.94)

0.86 (0.71–1.04)
0.83 (0.69–1.01)
0.82 (0.67–1.01)
0.76 (0.61–0.95)

0.73 (0.61–0.87)
0.86 (0.68–1.11)

0.73 (0.61–0.87)
0.86 (0.68–1.11)

2.17 (1.91–2.46)
0.093 (0.029)
1.34

0.074 (0.026)
1.30

0.062 (0.024)
1.27

0.041 (0.021)
1.21

0.040 (0.020)
1.21

Agree: strongly agree / somewhat agree; Disagree: strongly disagree / somewhat disagree; MOR: Median odds ratio; LGA: Local Government Area; Bold: p<0.05
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Table 4.3: Multilevel logistic regression of the association between the built environment and type 2 diabetes incidence by gender, place of
residence, duration lived in the same residence and accounting for the influence of residential self-selection
Built environment variables
Free / low cost recreation facilities (ref: Agree)
Disagree
Disagree*
Footpaths on most streets (ref: Agree)
Disagree
Disagree*
Local amenities within walking distance (ref: Agree)
Disagree
Disagree*
Public transport within walking distance (ref: Agree)
Disagree
Disagree*
Crime rates unsafe to walk during day (ref: Disagree)
Agree
Agree*
Crime rates unsafe to walk during night (ref: Disagree)
Agree
Agree*

Full Model
Males#
Females#
Adjusted Odds Ratio (95% Confidence Interval)

Major cities#

>5 years#

1.01 (0.86–1.18)
1.00 (0.84–1.20)

1.01 (0.80–1.27)
0.98 (0.78–1.25)

1.00 (0.79–1.25)
1.01 (0.78–1.31)

0.92 (0.71–1.18)
0.89 (0.67–1.19)

0.94 (0.79–1.13)
0.95 (0.78–1.16)

0.84 (0.72–0.97)
0.78 (0.66–0.93)

0.81 (0.66–0.99)
0.78 (0.62–0.97)

0.87 (0.70–1.09)
0.79 (0.62–1.01)

0.84 (0.68–1.04)
0.83 (0.66–1.05)

0.81 (0.69–0.96)
0.76 (0.64–0.92)

1.31 (1.14–1.49)
1.30 (1.12–1.50)

1.20 (0.99–1.44)
1.25 (1.02–1.52)

1.43 (1.18–1.75)
1.36 (1.09–1.70)

1.29 (1.08–1.53)
1.29 (1.07–1.56)

1.35 (1.16–1.57)
1.31 (1.11–1.54)

0.99 (0.83–1.18)
1.02 (0.84–1.23)

0.99 (0.77–1.26)
1.01 (0.78–1.31)

0.97 (0.75–1.25)
1.00 (0.75–1.33)

1.21 (0.87–1.67)
1.24 (0.87–1.77)

0.98 (0.81–1.20)
1.01 (0.81–1.24)

1.38 (1.05–1.82)
1.38 (1.01–1.87)

1.39 (0.93–2.06)
1.42 (0.93–2.18)

1.32 (0.90–1.94)
1.27 (0.81–1.99)

1.25 (0.87–1.81)
1.25 (0.83–1.89)

1.51 (1.13–2.02)
1.49 (1.07–2.07)

1.28 (1.10–1.48)
1.23 (1.04–1.44)

1.36 (1.10–1.68)
1.38 (1.10–1.73)

1.26 (1.03–1.54)
1.13 (0.90–1.43)

1.31 (1.08–1.59)
1.23 (0.99–1.53)

1.25 (1.06–1.46)
1.20 (1.01–1.43)

Full Model: output of the final model in Table 4.2. >5 years: lived in the same residence for >5 years; Bold: p <0.05; Agree: somewhat agree + strongly agree; Disagree:
strongly disagree + somewhat disagree; #All models adjusted for demographic, socioeconomic and health variables; *Models adjusted for residential self-selection factors
(i.e. change in individual- and area-level socioeconomic circumstances between wave 1 and wave 2).
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Table 4.4: Effect modification by gender, duration lived in the same residence and area disadvantage on the association between built
environment characteristics and type 2 diabetes incidence #
Variables
AOR (95% CI) Variables
AOR (95% CI)
Built environment*Area disadvantage
Built environment*Gender
Recreation*Area disadvantage (ref: Agree-Quintile 1)
Recreation*Gender (ref: Agree-Male)
Disagree-Quintile 2
1.18 (0.78–1.77) Disagree-Female
1.10 (0.84–1.44)
Disagree-Quintile 3
0.83 (0.54–1.26) Footpaths*Gender (ref: Agree-Male)
Disagree-Quintile 4
0.91 (0.60–1.39) Disagree-Female
1.14 (0.90–1.45)
Disagree-Quintile 5
1.27 (0.81–1.99) Local amenities*Gender (ref: Agree-Male)
Foot paths*Area disadvantage (ref: Agree-Quintile 1)
Disagree-Female
1.19 (0.94–1.52)
Disagree-Quintile 2
1.12 (0.77–1.62) Public transit*Gender (ref: Agree-Male)
Disagree-Quintile 3
1.05 (0.72–1.53) Disagree-Female
1.09 (0.83–1.43)
Disagree-Quintile 4
1.01 (0.69–1.47) Crime day*Gender (ref: Disagree-Male)
Disagree-Quintile 5
1.22 (0.82–1.82) Agree-Female
0.89 (0.53–1.49)
Local amenities*Area disadvantage (ref: Agree-Quintile 1)
Crime night*Gender (ref: Disagree-Male)
Disagree-Quintile 2
0.92 (0.63–1.33) Agree-Female
0.84 (0.65–1.09)
Disagree-Quintile 3
0.82 (0.57–1.19) Built environment*Duration lived in the same residence
Disagree-Quintile 4
0.76 (0.52–1.10) Recreation*Duration lived (ref: Agree-≤5years)
Disagree-Quintile 5
0.95 (0.65–1.38) Disagree->5 years
0.70 (0.49–0.99)
Public transit*Area disadvantage (ref: Agree-Quintile 1)
Foot paths*Duration lived (ref: Agree-≤5years)
Disagree-Quintile 2
0.94 (0.62–1.42) Disagree->5 years
0.84 (0.60–1.15)
Disagree-Quintile 3
0.86 (0.57–1.29) Local amenities*Duration lived (ref: Agree-≤5years)
Disagree-Quintile 4
0.87 (0.56–1.33) Disagree->5 years
0.99 (0.72–1.37)
Disagree-Quintile 5
1.27 (0.80–2.02) Public transit*Duration lived (ref: Agree-≤5years)
Crime day*Area disadvantage (ref: Disagree-Quintile 1)
Disagree->5 years
0.93 (0.64–1.34)
Agree-Quintile 2
0.95 (0.47–1.95) Crime day*Duration lived (ref: Disagree-≤5years)
Agree-Quintile 3
0.64 (0.28–1.46) Agree->5 years
1.68 (0.74–3.85)
Agree-Quintile 4
1.22 (0.59–2.50) Crime night*Duration lived (ref: Disagree-≤5 years)
Agree-Quintile 5
0.36 (0.11–1.23) Agree->5 years
1.00 (0.70–1.43)
Crime night*Area disadvantage (ref: Disagree-Quintile 1)
Agree-Quintile 2
0.79 (0.53–1.15)
Agree-Quintile 3
0.67 (0.45–1.01)
Agree-Quintile 4
0.79 (0.53–1.20)
Agree-Quintile 5
1.00 (0.65–1.56)
#
Interactions for each built environment and the modifying variables were fitted in separate multi-level logistic regression models adjusted for demographic,
socioeconomic and health variables; AOR: adjusted odds ratio; CI: confidence interval; Area disadvantage: increasing quintile=decreasing disadvantage; Agree:
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somewhat agree / strongly agree; Disagree: strongly disagree / somewhat disagree; ≤5 years: lived in the same address for ≤5 years; >5 years: lived in the same address
for >5 years; Bold: p<0.05; Interpretation: for area disadvantage and availability of recreational facilities as an example, the coefficients represent the effect for those
who disagree that there are recreational facilities within the 2–5 quintile groups as compared to those in quintile 1 and agreed that there are recreational facilities. For
gender, the comparison is between females who disagreed and males who agreed for recreation, footpaths, local amenities and public transit, but for crime the comparison
is between females who agreed and males who disagreed.

Table 4.5: Multilevel multinomial logistic regression of change in individual-level characteristics as predictors of change in area-level
socioeconomic circumstances
Change in individual-level characteristics

Change in household income (ref: No change)
Increase in household income in W2
Decrease in household income in W2
Change in working status (ref: No change)
Employed in W1 & unemployed in W2
Unemployed in W1 & employed in W2
Change in marital status (ref: No change)
Married / have partner in W1 & single in W2
Single in W1 & married / have partner in W2

Less disadvantaged
More disadvantaged
area
area
Relative risk ratio (95% CI): Adjusted*

Less disadvantaged
More disadvantaged
area
area
Relative risk ratio (95% CI): Crude

1.11 (0.97–1.28)
1.17 (0.97–1.41)

1.04 (0.91–1.19)
1.18 (0.99–1.40)

1.13 (0.99–1.29)
1.22 (1.02–1.46)

1.06 (0.93–1.20)
1.29 (1.09–1.52)

1.30 (1.10–1.53)
0.90 (0.56–1.43)

1.47 (1.26–1.70)
1.12 (0.75–1.68)

1.30 (1.13–1.49)
0.81 (0.55–1.18)

1.40 (1.23–1.59)
1.06 (0.77–1.46)

1.39 (1.10–1.76)
1.68 (1.34–2.10)

1.68 (1.37–2.06)
1.13 (0.88–1.44)

1.53 (1.24–1.87)
1.53 (1.26–1.85)

1.58 (1.31–1.91)
1.06 (0.86–1.31)

RRR: relative risk ratio estimating the expected risk in moving to areas with different area disadvantage by change in household income, working status and marital
status; CI: confidence interval; *Adjusted for age, gender, highest qualification, birth country, area remoteness, diabetes history and change in individual-level
socioeconomic circumstances; Bold: p<0.05; Less disadvantaged area: moved to less disadvantaged areas in wave 2; More disadvantaged area: moved to more
disadvantaged areas in wave 2; W1: wave 1 (baseline year); W2: wave 2.
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4.2.4.2 Assessment of potential effect modification
Although in the similar direction, the association for local amenities appeared inflated in
females (AOR: 1.43, 95% CI: 1.18–1.75), but was attenuated in males (AOR: 1.20, 95%
CI: 0.99–1.44) (Table 4.3). The contradictory association for footpaths did not vary much
and was attenuated in models for females and cities. While the interaction term was not
strong, those who agreed that day-time crime made walking unsafe and lived in the same
residence for >5 years (compared to those who disagreed and lived in the same residence
for ≤5 years) had higher odds of developing incident diabetes (AOR: 1.68, 95% CI: 0.74–
3.85) (Table 4.4). An unexpected association showing a decreased odds of developing
diabetes among those who disagreed having recreational facilities and lived for >5 years
in the same residence (AOR: 0.70, 95% CI: 0.79–0.99) was observed. The interaction
terms for other effect modifier variables were not found to be strong.

4.2.4.3 Investigation of residential self-selection
Of the total participants, 3.9% moved to less disadvantaged areas and another 4.4% to
more disadvantaged areas between wave 1 and 2. Table 4.5 shows that those who became
unemployed in wave 2, and those who became single in wave 2 had higher odds of
moving to both less and more disadvantaged areas. Those who got married or were living
with a partner also had higher odds of moving to less disadvantaged areas. The increased
odds of moving to both less and more disadvantaged areas in relation to change in
household income did not appear to be statistically strong in the adjusted model.

Moving to less disadvantaged areas was associated with higher odds of reporting that
there are no amenities and public transit, and moving to more disadvantaged areas with
reduced odds of reporting that there are no recreational facilities, amenities, and footpaths
(Table 4.6). An increase in household income was associated with higher odds of
reporting that night-time crime rates made walking unsafe, while a decrease with reduced
odds of reporting that there are no amenities, but with increased odds of reporting about
unsafe night-time crime. Those who became unemployed had higher odds of disagreeing
that there are footpaths, while those employed had decreased odds of disagreeing that
there are recreational facilities. Those married or were living with a partner also had lower
odds of reporting that there are no footpaths and public transit, but higher odds of
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reporting about night-time crime. Except for the marginal reduction in the effect of
footpaths and night-time crime, the inclusion of changes in the individual- and area-level
socioeconomic circumstances did not attenuate the associations between perceived built
environment characteristics and type 2 diabetes (Table 4.3). However, the association for
local amenities increased among males while the association for night-time crime
diminished among females, those residing in cities, and those who lived in the same
residence for >5 years (Table 4.3). The effect of footpaths was also attenuated among
males, and those who lived in the same residence for >5 years, and a similar effect was
also observed for local amenities among females.
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Table 4.6: Multilevel logistic regressions of change in individual-level characteristics and change in area-level socioeconomic circumstances
as predictors of built environment perceptions #
Change in circumstances
Change in area disadvantage (ref: No change)
Moved to less disadvantaged areas in W2
Moved to more disadvantaged areas in W2
Change in household income (ref: No change)
Increase in household income in W2
Decrease in household income in W2
Change in working status (ref: No change)
Employed in W1 & unemployed in W2
Unemployed in W1 & employed in W2
Change in marital status (ref: No change)
Married / have partner in W1 & single in W2
Single in W1 & married / have partner in W2

Recreation
Footpaths
Local amenities
Adjusted Odds Ratio (95% Confidence Interval)

Public transit

Crime day

Crime night

0.97 (0.84–1.13)
0.73 (0.63–0.85)

0.93 (0.80–1.07)
0.68 (0.60–0.78)

1.22 (1.07–1.40)
0.87 (0.77–0.99)

1.20 (1.02–1.42)
0.87 (0.74–1.02)

0.91 (0.63–1.32)
1.10 (0.79–1.52)

1.04 (0.89–1.22)
1.12 (0.96–1.29)

1.06 (0.99–1.13)
1.06 (0.97–1.16)

0.99 (0.93–1.05)
0.98 (0.89–1.07)

0.96 (0.90–1.01)
0.92 (0.84–0.99)

0.99 (0.92–1.08)
0.99 (0.89–1.10)

1.09 (0.93–1.27)
1.21 (0.98–1.49)

1.19 (1.12–1.28)
1.35 (1.22–1.48)

0.99 (0.91–1.08)
0.79 (0.64–0.99)

1.09 (1.01–1.18)
0.97 (0.80–1.19)

1.07 (0.99–1.15)
1.05 (0.87–1.26)

1.08 (0.98–1.19)
1.07 (0.84–1.35)

0.83 (0.67–1.03)
1.21 (0.79–1.86)

0.95 (0.87–1.04)
0.99 (0.80–1.23)

1.02 (0.89–1.16)
1.05 (0.93–1.20)

0.98 (0.86–1.11)
0.87 (0.77–0.99)

0.91 (0.81–1.02)
0.94 (0.84–1.05)

1.02 (0.88–1.18)
0.82 (0.71–0.96)

0.97 (0.70–1.34)
1.23 (0.88–1.45)

1.09 (0.95–1.25)
1.36 (1.21–1.53)

#

The effect estimates represent the odds of disagreeing that there are recreational facilities, footpaths, local amenities and public transit within walking distance, and
agreeing that day and night time crime makes walking unsafe by changes in socioeconomic circumstances; Bold: p<0.05; W1: wave 1 (baseline year); W2: wave 2;
*All models were adjusted for age, gender, birth country, qualification, area remoteness, diabetes history, and change in individual- and area-level socioeconomic
circumstances.
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4.2.5 Discussion
Using a large cohort, this study investigated associations between perceived built
environment characteristics and type 2 diabetes incidence, accounting for some markers
of residential selection. This study is among the first to examine access to public transport
and crime rates specified by day and night in relation to type 2 diabetes incidence. The
results showed that perceived neighbourhood crimes rates both during day and night were
associated with increased type 2 diabetes incidence while having local amenities within
easy walking distance was associated with reduced incidence. Accounting for residential
self-selection markers did not appear to explain the associations revealed, suggesting that
the relationship is not confounded by selective migration. A significant between area
difference in the risk of developing type 2 diabetes was also observed. Collectively, the
findings suggest that modifying the physical features of the residential built environment
may present opportunities for type 2 diabetes prevention.

In contrast to some studies (Christine et al. 2015; Cunningham-Myrie et al. 2015; Piccolo
et al. 2015; Schootman et al. 2007), the results showed that perceived neighbourhood
crime rate was associated with higher type 2 diabetes incidence. Evidence also points to
crime, physical disorder, and safety being correlated with physical activity and obesity
(Boehmer et al. 2007; Boone-Heinonen et al. 2010; Lee & Moudon 2004; Macniven et
al. 2016). Owing to differences in exposure types and measurements, neighbourhood
definition, and study design, a direct comparison of the results was not possible. The
safety measure in the study by Christine et al. (2015) is not the participant’s perception.
This study used the perception of people who are not study participants but live in the
same neighbourhood. Besides, the existing studies did not assess crime by day and night,
and the result of this study suggests differences in association by day and night.
Interestingly, perceived crime rates during the day showed the largest association
followed by proximity to local amenities. Individuals usually engage in physical activity
during the day, which may help partly explain this finding. However, a study found nighttime safety but not crime experience per se, to be associated with physical activity
(Harrison, Gemmell & Heller 2007). In addition to inhibiting physical activity, stress
from fears over safety may encourage unhealthy behaviours (Yau & Potenza 2013) and
affect sleep quality that in turn also may influence dietary behaviours and metabolic
processes (Cappuccio et al. 2010a). Strain from persistent exposure to numerous stressors
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can also adversely affect physiological systems, also known as “allostatic load” that can
damage body systems accelerating the development of chronic diseases including type 2
diabetes (Mattei et al. 2010; McEwen & Wingfield 2003). Area disorder and crime may
also constrain social activities which would otherwise promote health through the
institution of social support and norms (Cramm, van Dijk & Nieboer 2013; Stafford,
Chandola & Marmot 2007; Suglia et al. 2016).

The results showed a higher risk of type 2 diabetes among those who felt that they did
not have local amenities within walking distance. Spatial proximity to amenities and
shops are attributes of compact neighbourhoods and land use mix. These environmental
characteristics including proximity to amenities have been shown to be correlated with
active transportation and recreational walking (Giles-Corti et al. 2013; Nyunt et al. 2015;
Saelens, Sallis & Frank 2003), and the absence of non-residential destinations close by
has been previously found to be associated with obesity (Boehmer et al. 2007). The
association with local amenities appeared to be stronger and remained significant in
women. Women may be spending more time in and around the home, and may usually
be more involved in shopping for groceries and household products than men allowing
for precise exposure measurement, hence the stronger effect. A similar profound effect
of the environment on type 2 diabetes among women has also been documented (Brook
et al. 2008).

Contrary to the hypothesis, the analysis showed no strong association between perceived
access to recreational facilities and public transit and type 2 diabetes incidence. Although
the SEEF study assessed access to free and low-cost facilities, other aspects of quality
such as usability, size, and type may be differentially related to type 2 diabetes.
Conceivably, not only the proximity but also other services that may offer diverse and
better choices need to be taken into account (Djurhuus et al. 2014). The findings
nevertheless also suggest that other built environment characteristics such as crime rate
and local amenities are stronger predictors of type 2 diabetes in this population. A
counterintuitive association between perceived footpaths and type 2 diabetes was also
observed. Although many communities may not have walking paths, the roads such as in
regional and remote communities may be safer owing to fewer cars, offering an
environment conducive for physical activity. Although in the similar direction, the
110

association for footpaths was not robust when confined to participants in major cities
which partly supports this explanation. The results could be also a statistical artefact and
represent other spatially correlated urban fabric features. Individuals may be also exposed
to the environment including work outside of the neighbourhood that may influence
behaviours such as physical activity (Hoehner et al. 2013). This warrants further
investigation in relation to type 2 diabetes. Furthermore, differences between objective
and subjective measures in the environment-health association have been documented
and these measures may also supplement each other in providing better information on
the environment (Boehmer et al. 2007; Nyunt et al. 2015). No direct measurement of
walkability could be assessed and studies using walkability measures have shown an
inverse association with type 2 diabetes (Müller-Riemenschneider et al. 2013; Paquet et
al. 2014).

The investigation for the influence of residential self-selection showed that changes in
employment and marital status predicted changes in area-level socioeconomic
circumstances. Additionally, changes in individual and area-level circumstances were
correlated with some but not all perceptions of the built environment. These associations
suggest a plausible residential self-selection bias which could potentially induce or inflate
(Mokhtarian & Cao 2008) or attenuate estimates when the self-selection factors are
negative confounders (Boone-Heinonen et al. 2010; Kowaleski-Jones et al. 2018).
However, the association between environmental variables, local amenities and crime
rates both during day and night in particular, and type 2 diabetes incidence remained
robust in the full model after accounting for changes in the individual- and area-level
circumstances including other possible sources of selection such as age, gender, education
and country of birth / nativity. Furthermore, the results also indicated that diabetes status
at wave 1 did not appear to strongly predict built environment perceptions in wave 2,
although an increased effect in the probable direction was observed for local amenities
and crime rates (Supplementary Table S4.2). These suggest that residential self-selection
may be less likely to have influenced the finding, thereby providing support for a potential
causal influence of built environment on type 2 diabetes incidence. The finding in this
study is consistent with results in some other studies on built environment and physical
activity and obesity that also accounted for residential self-selection (Giles-Corti et al.
2013; Handy, Cao & Mokhtarian 2008; Kowaleski-Jones et al. 2018), but run counter
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with a study that showed that residential selection explained some of the food
environment and type 2 diabetes relationship (Mezuk et al. 2016). Besides, the association
for perceived local amenities increased among males while the association for night crime
attenuated among females and those living in cities after adjustment for residential selfselection. This may indicate that self-selection predictors related to certain built
environment may operate distinctively among different populations (Boone-Heinonen et
al. 2010).

4.2.5.1 Strengths and limitations
The strengths of this study were the use of a longitudinal study design that allowed
assessment of temporality and accounted for residential self-selection, providing a
stronger investigation of causality. Furthermore, the rigorous statistical analyses and the
large sample also add to the credibility of the findings. The use of multiple perceived built
environment indicators enabled the identification of the most significant one in this
population.

This study also had some limitations. Firstly, both the exposure and outcome measures
were self-reported, and hence prone to measurement errors that might have biased the
association. For example, people living in disadvantaged areas may have higher risk of
being undiagnosed, which could underestimate the strength of the association, whereas
individuals may be also prescribed metformin for treating insulin resistance and some
other conditions even if they do not have diabetes. The sensitivity and specificity of selfreported diabetes data nevertheless were found to be high when compared with
administrative records (Comino et al. 2013). Although the questions assessing outcome
do not specify diabetes type, the findings can be regarded as of type 2 diabetes given that
the majority of the cases are of type 2 diabetes.

Furthermore, although perceived measures may be restricted by the imprecision in
reporting features and differences in perceptions, they can be equally crucial given that
perception may influence health behaviours (Caspi, Kawachi, et al. 2012; Lee & Moudon
2004). An individual’s identity, attachment, experiences, aspirations, and intention to use
local resources intertwine with his/her perception of local resources. Perceived measures
can also capture factors such as cost and quality that cannot be measured objectively.
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However, self-reporting of both environmental exposures and outcomes can also lead to
dependent measurement error that can bias the associations due to “same-source bias”. In
this study, this may result in a systematic error that could potentially exaggerate the
exposure-outcome relationship since those having diabetes may be more likely to
perceive their neighbourhood less favourably. However, this effect is expected to be
trivial and may be offset by the possible underreporting of self-reported outcome and
confounders that may bias the effect measure towards the null. Likewise, possible errors
in the measurement of self-selection markers could have also potentially distorted the
influence of these factors. For example, reporting of income may be culturally and
socially sensitive and thus subject to mismeasurement. Since most of the participants
were from the richer households in this study, there is a possibility of underreporting of
income that may attenuate the associations.

The response rate of 18.5% further limits generalisability, including to younger [members
of the] population. Nonetheless, the exposure-outcome relationship estimates on a range
of risk factors from the 45 and Up Study were found to be consistent with those of the
New South Wales Population Health Survey that had a response rate of around 60%
(Mealing et al. 2010). Missing data and loss to follow-up data and potential residual
confounding could have also biased the results to some extent. Additionally, measures of
neighbourhood preferences and attitudes related to residential choice were not available
in the 45 and Up Study, and the unavailability of repeated measures impeded the
examination of changes in built environment by adding fixed effects that can potentially
account for residential selection. Likewise, although propensity score matching that
matches subjects in both exposed and unexposed conditions allows the research to closely
mimic experimental designs, it does not account for unobserved or unmeasured
characteristics (Oakes & Johnson 2006), and is thus, not suitable to account for residential
selection using the current dataset. Furthermore, the area-level unit used in this study to
depict the spatial dimension may not squarely align with the spatial phenomena and, this
being so, estimation of the variation may not be precise. Finally, changes in area-level
socioeconomic circumstances were observed in only about 10% of the participants. This
may be less likely to generate enough variation to detect the influence of residential
selection.

113

4.2.6 Summary of findings
Characteristics of the residential built environment that include perceived crime rates and
local amenities are longitudinally associated with type 2 diabetes even after accounting
for some markers of residential self-selection providing some support for causation. The
findings suggest that bringing amenities close to residences and reducing crime rates in
the neighbourhood may present opportunities to reduce type 2 diabetes risk. This study
adds evidence to the growing body of literature on the environmental influences of type
2 diabetes and related outcomes. More longitudinal studies with a longer follow-up that
also include objective built environment measures and studies aimed to elucidate the
environment-type 2 diabetes mechanisms are required to corroborate the findings in this
study. Besides individual-level interventions, altering the features of the residential built
environment, such as enhancing proximity to local amenities and reducing crime rates in
collaboration with urban planners, crime prevention agencies and through community
engagement, may help control the type 2 diabetes epidemic.
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Chapter Five: Exploring the potential mediating pathways between
perceived built environment and type 2 diabetes risk

5.1 Preface
Environmental characteristics are hypothesised to impact T2DM through some
behavioural and health factors, such as different types of exercise, diet, and mental illhealth. The pathways through which the built environment influences T2DM is currently
not adequately investigated and remains less clear. Most studies that attempted to identify
the candidate mediators that lie in the pathways between the built environment and T2DM
employ the traditional mediation analysis. While this approach is simple and easily
understood, several flaws concerning this method render it suboptimal in examining
mediation. Furthermore, the potential role of some candidate mediators, such as mental
health, sedentary behaviour and sleep, and the pathways for some residential
environmental characteristics are less studied.

The study in this chapter addressed the third objective, i.e. to explore the potential
mediating pathways between perceived built environment characteristics and the odds of
developing incident T2DM. Specifically, this study builds upon the findings in Chapter
4, in which associations between T2DM incidence and perceived access to local amenities
and area crime were established. Informed by the conceptual framework presented in
Chapter 3, this study tested a range of potential candidate mediators that are hypothesised
to lie in the pathways between T2DM and local amenities and neighbourhood crime,
using causal mediation analysis.
Paper title: ‘Perceived built environment and type 2 diabetes incidence: Exploring
potential mediating pathways through physical and mental health, and behavioural factors
in a longitudinal study’ – Under review with the Diabetes Research and Clinical Practice
journal.
Author’s contribution: Tashi Dendup designed the study, analysed and interpreted the
data, and wrote and revised the original draft of the manuscript. Xiaoqi Feng, Thomas
Astell-Burt, and Pauline O'Shaughnessy supervised and directed the conduct of the study,
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and critically reviewed the draft manuscript for intellectual content. Xiaoqi Feng and
Thomas Astell-Burt contributed in data acquisition, and secured funding for this study.

The result from this study was presented at the following academic/professional events.

1. Monthly Journal Club of the Population Wellbeing and Environment Research Lab
(PowerLab), School of Health and Society, University of Wollongong, 4 November
2019. (Oral presentation).
2. Preventive Health Conference 13–27 May 2020, Perth, Western Australia. (Long oral
presentation), (Appendix F).
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5.2 The study: Perceived built environment and type 2 diabetes incidence: Exploring
potential mediating pathways through physical and mental health, and behavioural
factors in a longitudinal study
5.2.1 Abstract
The evidence on the pathways through which the built environment may influence type 2
diabetes mellitus (T2DM) risk is limited. This study explored whether physical activity,
walking, sedentary behaviour, social contact, sleep, psychological distress, and body
mass index mediate the associations between perceived built environment and T2DM
incidence. Longitudinal data on 36,224 participants aged ≥45 years (the Sax Institute’s
45 and Up Study) was analysed. Causal mediation analysis that uses the counterfactual
approach to decompose the total effect into direct and indirect effects was performed.
Potential mediators from two study waves were examined. The results showed that
physical activity, walking, and body mass index mediated around 6%, 11%, and 30%,
respectively, of the association between perceived lack of access to local amenities and
T2DM incidence. Physical activity (4.8% for day-time crime), walking (2.3% for daytime crime), psychological distress (5.2% for day-time and 3.7% for night-time crime),
and body mass index (29.6% for day-time crime and 17.4% for night-time crime) also
partially mediated the effect of perceived crime. These mediated effects appeared larger
at wave 3 than the same wave 2 mediators for most mediators. The findings demonstrate
that some behavioural, physical, and mental health factors, such as physical activity,
psychological distress, and body mass index, mediate the pathways between the built
environment and T2DM. The findings suggest that policies aimed to bring amenities
closer to homes, prevent crime, and address mental health may help reduce T2DM risk.

Keywords: built environment; mediation; diabetes; psychological distress; physical
activity; crime; local amenities
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5.2.2 Introduction
The evidence on the role of different features of the built environment as important
determinants of type 2 diabetes mellitus (T2DM) and related health outcomes is
increasingly recognised (Amuda & Berkowitz 2019; Dendup et al. 2018; Diez Roux &
Mair 2010; Ershow 2009). Higher levels of walkability, green space, and facilities for
outdoor social and active recreation are associated with lower T2DM risk, while noise,
air pollution, and fast-food outlet availability are associated with a higher T2DM risk (den
Braver et al. 2018; Dendup et al. 2018; Kolb & Martin 2017). These findings are
underpinned by socioecological models that posit multiple levels of influence on
behaviour and health (Hill et al. 2013; Sallis, Owen & Fisher 2008). Much research has
been conducted on the environment and factors that may contribute to T2DM risks, such
as obesity (Lovasi et al. 2009) and mental ill-health (Mair, Diez Roux & Galea 2008).
However, studies that attempt to explicitly disentangle the candidate mechanisms through
which some environmental characteristics may shape T2DM risk are scarce (den Braver
et al. 2018; Dendup et al. 2018).

Mediation analysis helps to identify the potential mechanistic pathway between an
exposure and an outcome through a third intermediate variable, known as the mediator
(MacKinnon, Fairchild & Fritz 2007; VanderWeele 2016). It partitions the exposureoutcome relationship into an indirect effect through the mediator and a direct effect via
other pathways (Figure 5.1). The traditional approach involves the comparison of
regression models with and without the mediator (Baron & Kenny 1986). Several
limitations previously identified with this approach, such as the low power of the indirect
effect test and that it is an approach not focused on indirect effect estimates, among others,
have been acknowledged (Hayes 2009; MacKinnon, Fairchild & Fritz 2007; Valeri &
Vanderweele 2013; Zhao, Lynch Jr & Chen 2010). The presence of a statistically
significant indirect effect and the use of the bootstrap test for inference in mediation
analysis is widely recognised. Causal mediation analysis using the counterfactual
framework is becoming increasingly popular to decompose the total effect into direct and
indirect effects (Valeri & Vanderweele 2013; VanderWeele 2016). It provides a
hypothetical comparison between outcomes that would possibly be observed under
different scenarios.
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i.

c
Exposure

Outcome

a

ii.

Mediator

Exposure

c’

b
Outcome

Figure 5.1: Illustration of single mediation model
i: - total effect (c) of exposure on outcome; ii - indirect effect (ab) through the mediator and the direct effect
(c’), adapted from Baron & Kenney (1986).

Multiple pathways are posited through which the environment may influence T2DM risk
(Dendup et al. 2018). Having destinations such as shops, public transport, and footpaths
in the neighbourhood may motivate individuals to use and walk to these facilities,
increasing their physical activity (King et al. 2015; Siceloff, Coulon & Wilson 2014).
Certain amenities such as bars and pubs may affect sleep (i.e. as sources of noise-related
disturbances), which in turn can influence metabolic functions and dietary habits through
hormonal changes (Cappuccio et al. 2010a). Similarly, area crime may discourage
outdoor activities and promote sedentariness (Foster et al. 2016; Lin et al. 2019; ReesPunia, Hathaway & Gay 2018) and also incite isolation and fear, which can lead to poor
mental health (Quinn & Biggs 2010; Stafford, Chandola & Marmot 2007). These
behaviours and physical and mental health shaped by the environment can influence
obesity risk and subsequently that of T2DM.

A few studies showed that body mass index (BMI), physical activity, sedentary
behaviour, and mental health did not mediate the association between objectively
assessed green space and T2D (Astell-Burt, Feng & Kolt 2014; Bodicoat, O'Donovan, et
al. 2014; Dalton et al. 2016). Likewise, studies that examined safety, area disorder, and
food and physical activity resources also found no strong evidence for physical activity,
diet, and BMI as mediators (Auchincloss et al. 2009; Christine et al. 2015; CunninghamMyrie et al. 2015; Gebreab et al. 2017). Cohort studies that assessed perceived and
objective housing conditions (Schootman et al. 2007) and population density (Van
Cauwenberg et al. 2019) also did not find strong evidence of mediation. Conversely, a
few studies that assessed walkability (Carroll et al. 2017; Müller-Riemenschneider et al.
2013) and physical activity and food resources (Auchincloss et al. 2008; Sarkar, Webster
& Gallacher 2018), and cohort studies that assessed perceived area violence (Gebreab et
al. 2017) and objective food environment (Polsky et al. 2016) also showed evidence that
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some behavioural factors partly mediated the associations with T2DM and some markers
of T2DM.

Although measurement error, recall bias, inadequate study design, and the long duration
for T2DM development are attributable for the modest evidence of mediation, only a few
(Carroll et al. 2017; Dalton et al. 2016; Sarkar, Webster & Gallacher 2018) employed
causal mediation analysis (Table 5.1). Most (Astell-Burt, Feng & Kolt 2014; Auchincloss
et al. 2008; Auchincloss et al. 2009; Bodicoat, O'Donovan, et al. 2014; Christine et al.
2015; Cunningham-Myrie et al. 2015; Gebreab et al. 2017; Müller-Riemenschneider et
al. 2013; Polsky et al. 2016; Schootman et al. 2007; Van Cauwenberg et al. 2019), but
not all (Carroll et al. 2017; Dalton et al. 2016; Sarkar, Webster & Gallacher 2018) studies
also did not estimate the magnitude and significance of the mediated effect. None of the
studies allowed for plausible exposure-mediator interaction which if incorrectly assumed,
can lead to invalid inferences (Richiardi, Bellocco & Zugna 2013; Valeri & Vanderweele
2013) and also almost all neither considered nor acknowledged the identification
assumptions. Strong identification assumptions of no confounding are essential for a
causal interpretation of mediation (Richiardi, Bellocco & Zugna 2013; VanderWeele
2016). Furthermore, the pathways for environmental characteristics such as local
amenities, day- and night-time crime, and the possible intermediary role of psychological
distress, sleep, sedentary behaviour, and social interaction, has received little attention.

This study explored the potential mediating pathways between perceived built
environment characteristics and T2DM incidence. Building on results from the previous
chapter (Dendup, Astell-Burt & Feng 2019), the following hypotheses were tested:

a) perceived access to local amenities may lower T2DM risk through increasing physical
activity, social contact, sleep, and reducing BMI;
b) perceived day-time crime may influence T2DM risk through increasing physical
inactivity, psychological distress, sedentary behaviour, and BMI;
c) perceived night-time crime may increase T2DM risk through reducing sleep duration,
and increasing psychological distress and BMI.

120

Table 5.1: Summary characteristics of the reviewed studies that examined possible mediation of the association between built environment
characteristics and type 2 diabetes mellitus
Author/s *

Study
design

Specified
mediation
hypothesis

Built
environment
(exposure/s)

Potential
mediator/s
tested

Mediation
analysis approach

CSS

Study
aimed to
assess
mediation
No

Astell-Burt
(2014)
Auchincloss
(2008)

No

Green space

CSS

Yes

Yes

Food and
physical
activity
resources

MVPA,
walking
Diet, physical
activity, BMI

Auchincloss
(2009)

CS

No

Yes

Bodicoat (2014)

CSS

Yes

Yes

Food and
physical
activity
resources
Green space

Adjusted for
mediators
Adjusted for
mediators &
examined
mediators as
outcome
Adjusted for
mediators

Carroll (2017)

CS

Yes

Yes

Christine (2015)

CS

No

Yes

CunninghamMyrie (2015)

CSS

No

Yes

Dalton (2016)

CS

Yes

Yes

Walkability,
local
descriptive
norms
Food and
physical
activity
resources,
safety
Area
infrastructure
and disorder,
safety,
recreational
space
Green space

Diet, physical
activity, BMI

Measures
reported
(indirect
effect/s)
No

Identification
assumptions

Exposuremediator
interaction

Mediation
found

Not
acknowledged
Not
acknowledged

No

No

No

Yes

No

Not
acknowledged

No

Partial

Not
acknowledged
Partially
acknowledged

No

No

No

Yes, partial
mediation

No

Physical
activity, BMI
Physical
activity

Adjusted for
mediators
Estimated indirect
and direct effect,
SEM

No

Diet, physical
activity, BMI

Adjusted for
mediators

No

Not
acknowledged

No

Partial

Physical
activity,
overweight /
obesity

Adjusted for
mediators

No

Not
acknowledged

No

No

Physical
activity

Effect
decomposition
using bootstrapping

IE

Partly
acknowledged

No

No

Yes
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Gebreab (2017)

CS

Yes

Yes

Food and
physical
activity
resources,
neighbourhood
violence and
problems
Walkability

MüllerRiemenschneider
(2013)

CSS

Yes

Yes

Polsky (2016)

CS

Yes

Yes

Sarkar (2018)

CSS

No

Yes

Schootman
(2007)

CS

Yes

Yes

Neighbourhood
and housing
conditions

Van
Cauwenberg
(2019)

CS

Yes

Yes

Population
density

Food
environment
Food
environment

Diet, physical
activity, BMI

Adjusted for
mediators

No

Not
acknowledged

No

Partial for
neighbourhood
violence and
problems, but
none for other
exposures

Physical
activity,
sedentary
behaviour
BMI

Adjusted for
mediators

No

Not
acknowledged

No

Yes

Adjusted for
mediators
Estimated causal
mediation effect
and direct effect
Adjusted for
mediators

No

Partially
acknowledged
Not
acknowledged

No

Yes

No

Yes

No

Not
acknowledged

No

No

Adjusted for
mediators

No

Not
acknowledged

No

No

Obesity

Health
behaviour,
psychosocial,
health status,
health access,
demographic
Physical
activity

PM

CSS: cross sectional study; CS: cohort study; MVPA: moderate-vigorous physical activity level; BMI: body mass index; IE: indirect effect; PM: proportion mediated
reported; Identification assumptions: include 1) no exposure-outcome, 2) no mediator-outcome, and 3) no exposure-mediator confounding, and 4) no mediator-outcome
confounder that is itself affected by the exposure; SEM: structural equation modelling; *only the surnames of the primary authors and the year of publication are
provided in this table
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5.2.3 Methods
5.2.3.1 Study data
The data of the Sax Institute’s 45 and Up Study, a large longitudinal study of ageing in
New South Wales, Australia, was used for this study (45 and Up Study Collaborators
2008). The baseline survey (wave 1) from 2006 to 2009 collected information from
267,153 individuals ≥45 years of age using self-completed questionnaires. The
participants were randomly selected from the Department of Human Services (formerly
Medicare Australia) database. Written informed consent to use data for research purposes
was obtained from all participants. The baseline response rate was 18%, and those >80
years old and rural residents were oversampled.

The Social, Economic and Environmental Factors (SEEF) study in 2010 was a sub-study
aimed to examine health in relation to socioeconomic and environmental factors, which
followed-up the first 100,000 participants of the baseline survey. The response rate was
around 60%, and this study is referred to as wave 2. The subsequent follow-up that
happened in 2012 to 2015 is referred to as wave 3. The final sample for the current study
was 36,224, after excluding records with T2DM at wave 2, missing or lost to follow-up
and without T2DM information in wave 3. Participants without T2DM at wave 2 were
followed-up. The sample selection process is provided in Figure 3.2 of Chapter 3.

5.2.3.2 Study variables
5.2.3.2.1 Type 2 diabetes status
The questions “Has a doctor ever told you that you have diabetes?” and “Have you taken
any medications, vitamins or supplements for most of the last 4 weeks? - If yes, did you
take Diabex, Diaformin metformin?” were used to determine the T2DM status.

5.2.3.2.2 Built environment variables
The three perceived built environment variables (local amenities, day- and night-time
crime) found associated with T2DM incidence previously was used for the mediation
analysis (Dendup, Astell-Burt & Feng 2019). The statements below, adapted from the
Physical Activity Neighbourhood Environment Survey (Sallis et al. 2010) that was
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administered only in wave 2, were used to derive the built environment measures. The
Cronbach’s alpha coefficients and test-retest reliability ICCs for the two crime questions
were 0.64 and 0.56, respectively, and the corresponding values for the other questions
were 0.81 and 0.84 (Macniven et al. 2016). The responses were dichotomised as disagree
(for strongly disagree and somewhat disagree) and agree (for strongly agree and
somewhat agree), and were inversed for crime-related questions (Macniven et al. 2016).

a) Many shops, stores, markets or other places to buy things I need are within easy
walking distance of my home.
b) The crime rate in my neighbourhood makes it unsafe to go on walks during the day.
c) The crime rate in my neighbourhood makes it unsafe to go on walks at night.

5.2.3.2.3 Potential mediating variables
Physical activity: The 45 and Up Study assessed physical activity using questions from
the Active Australia Survey (Australian Institute of Health and Welfare 2003) that is
found moderately correlated with physical activity data derived from pedometer (ρ=0.43)
and accelerometer (ρ=0.52) (Brown et al. 2008). Self-reported time spent on walking for
at least 10 minutes (for recreation, exercise, or to get to or from places), and moderate
and vigorous (by a factor of two) physical activity were summated to determine the
physical activity variable. Walking was also assessed for day-time crime and local
amenities since the residential environment, including crime, may influence walking
more strongly (Foster et al. 2016; Saelens & Handy 2008). Since both walking and
physical activity were highly skewed, these variables were also analysed as categorical
(using the cut-off of ≥150 minutes per week) variables.

Body mass index (BMI): Self-reported weight and height were used to calculate BMI
(kg/m2). Self-reported measures were found to be highly correlated with measured height
(ρ=0.95), weight (ρ=0.99), and BMI (ρ=0.95) in a subsample of the 45 and Up Study
participants (Ng et al. 2011). The level of agreement (kappa=0.80) between BMI from
self-reported data and measured data was also high.
Sleep duration: Sleep time was derived from the question: “About how many hours in
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each 24 hour day do you usually spend sleeping?” Responses were categorised as ≥7
hours and <7 hours (short sleep duration) (Cappuccio et al. 2010b) since fear of crime
may prevent having an adequate sleep.

Mental health: Mental health was assessed using the Kessler Psychological Distress Scale
(K10) (Kessler et al. 2002). The questions assessed an individual’s feelings such as of
tiredness, nervousness, hopelessness, fidgety/restlessness, depression, sadness, and
worthlessness. The responses of the distress symptoms assessed range from 1 (none of
the time) to 5 (all of the time), and those with a total score of ≥22 were categorised as
having mild-severe distress (Astell-Burt, Feng & Kolt 2013; Banks et al. 2010).

Sedentary behaviour: Sedentary behaviour was also assessed as a candidate mediator,
given its potential effect on T2DM (Patterson et al. 2018). The question “About how
many hours in each 24 hour day do you usually spend doing the following (sitting,
watching television, and using the computer)?” measured sedentary behaviour in wave 2.
This question from the Active Australia Survey (Australian Institute of Health and
Welfare 2003) had acceptable reliability, and the total sitting time and accelerometer
counts were found to be significantly correlated (r = .34) (Rosenberg et al. 2008).
Responses to time spent watching TV and using the computer during a usual weekday
and a weekend day was used in wave 3. The responses were dichotomised as low (<6
hours/day) and high sitting time (≥6 hours/day) (Plotnikoff et al. 2015).
Social contact: A “yes” or “no” response to the question (administered only in wave 2)
“When you shop in your local area, are you likely to run into friends and acquaintances?”
was used to assess social contacts.

5.2.3.2.4 Other confounding variables
The confounding variables (at wave 2) included were area disadvantage measured using
the SEIFA index (Pink 2013), geographic remoteness determined using the Accessibility
Remoteness Index of Australia (Hugo Centre for Migration and Population Research
2012), age, gender, marital status, birth country, highest qualification, working status,
annual household income, and family history of T2DM.
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5.2.3.3 Statistical analyses
Proportions, means, and descriptive statistics were used to describe the baseline
characteristics. The association between the perceived built environment characteristics
and other variables were assessed using Pearson’s chi-square test for categorical variables
and independent samples t-test for continuous variables.

Single mediation models for each of the perceived built environment variables adjusting
for confounders were examined for each potential mediator separately at both wave 2 and
wave 3. The “paramed” command in STATA was used to conduct the causal mediation
analysis (Emsley & Liu 2013). This macro, adapted from the regression-based approach
described previously (Valeri & Vanderweele 2013; Vanderweele & Vansteelandt 2010),
allows decomposing of the total effect into natural direct effect (NDE) and natural indirect
effect (NIE). The approach permits exposure-mediator interactions and also
accommodates continuous, binary, or count outcomes, and continuous or binary
mediators. The command produces estimates for two models: 1) mediator conditional on
exposure, and 2) outcome conditional on exposure and the mediator, and the covariates.
Parameter estimates from these two models were used to construct the direct and indirect
estimates expressed as adjusted odds ratios (AOR).

The proportion mediated for those statistically significant indirect effects were calculated
(Vanderweele & Vansteelandt 2010). The bias-corrected 95% confidence intervals
calculated by bootstrapping 1000 samples were used to evaluate the statistical
significance of the indirect effect. A simulation study showed that the estimate using
percentiles had increased power (Mackinnon, Lockwood & Williams 2004). All the
analyses were conducted using STATA version 14.2 package.

5.2.4 Results
5.2.4.1 Sample characteristics
The mean age (SD) of the participants was 63.5 (9.37) years at baseline. The mean followup was 5 years and 3.7% developed T2DM at wave 3. The proportion of those who
disagreed with having local amenities was greater among those aged 55–74 years, who
were married, born in Australia, had diploma / high school education, did not have social
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contact, and slept for ≥7 hours (Table 5.2). The proportion was higher among individuals
from high-income households, middle quintile of area disadvantage, and who lived in
remote areas. Those who disagreed with having amenities also had slightly higher BMI
and lower walking but higher total physical activity levels.

The proportion of those who perceived their neighbourhood to be unsafe for walking due
to

crime

was

higher

among

females,

those

who

were

>75

years

old,

single/separated/widowed, born in Australia, unemployed, had low education, and poor
mental health. The proportion was also greater among individuals from low-income
households, highly disadvantaged areas, and cities. Those who perceived walking unsafe
due to criminal activities during the day (day crime) had lower physical activity levels,
higher BMI, were less likely to spent ≥6 hours per day sitting and using the computer, but
more likely to spend ≥6 hours watching TV. The proportion of those who perceived
walking as unsafe due to crime during the night (night crime) was higher among those
who slept for <7 hours.

5.2.4.2 Assessment of mediating pathways
The estimates obtained in the causal mediation analysis are presented in Table 5.3. The
indirect effect of local amenities on T2DM incidence through BMI was 1.05 (95% CI:
1.04–1.07) and through physical activity and walking was 1.01 (95% CI: 1.01–1.02) each.
This means that if all participants reported not having local amenities, the odds of
developing T2DM would be 5% higher if the BMI increases by a one unit, and the odds
would be 1% higher if the physical activity and walking levels were <150 minutes per
week than those with ≥150 minutes. The proportion mediated through BMI, physical
activity, and walking were 27.7%, 5.9%, and 5.7%, respectively. The corresponding
proportion mediated in wave 3 were 30.1%, 5.7%, and 11.1%.

The indirect effect of day-time crime through physical activity, walking, psychological
distress, and BMI were 1.05 (95% CI: 1.02–1.07), 1.01 (95% CI: 1.001–1.02), 1.02 (95%
CI: 1.01–1.04) and 1.08 (95% CI: 1.04–1.15), respectively. If all participants reported
that day-time crime made walking unsafe in the neighbourhood, the odds of developing
T2DM would be 2% higher if the participants had high psychological distress than those
with low distress levels. Physical activity, walking, psychological distress, and BMI
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mediated 11.1% (4.8% in wave 3), 2.2% (2.3% in wave 3), 4.8% (5.2% in wave 3) and
16.3% (29.6% in wave 3), respectively, of the total effect of day-time crime. Similarly,
the indirect effect of night-time crime through psychological distress and BMI were 1.01
(95% CI: 1.01–1.02) and 1.04 (95% CI: 1.03–1.06), respectively. The corresponding
proportion mediated in wave 2 was 3.8% and 14.2%, which increased to 17.4% for BMI
in wave 3 but was stable for psychological distress.

Although slightly attenuated, the natural direct effect remained robust for all the identified
significant indirect pathways. The indirect effect of sleep, social contact, and sedentary
behaviour was not strong or null. The indirect effect estimates obtained using continuous
physical activity variables are not reported since the estimates were found null or not
strong (Supplementary Table S5.1).

128

Table 5.2: Baseline characteristics of the study sample and distribution of potential mediators by perceived built environment characteristics
Variables
Demographic
Age (years)

Gender
Relationship status

Birth country
Socioeconomic
Education

Working status

Household income
(AUD)

Area disadvantage

Area remoteness

Local amenities, n (%, mean)
Categories
<55
55–64
65–74
>74
Male
Female
Married
Single
Widowed
Divorced
Separated
Australia
Others

n (%, mean)
7564 (20.9)
13,913 (38.4)
9959 (27.5)
4788 (13.2)
15,866 (43.8)
20,358 (56.2)
28,910 (79.8)
2107 (5.8)
2288 (6.3)
2055 (5.7)
651 (1.8)
28,603 (78.9)
7348 (20.3)

DA
3963 (52.8)
7515 (54.5)
5381 (54.8)
2421 (51.8)
8521 (54.4)
10,759 (53.5)
15,929 (55.8)
841 (40.4)
1064 (47.2)
1021 (50.2)
332 (52.6)
15,461 (54.7)
3686 (50.7)

AG
3544 (47.2)
6275 (45.5)
4434 (45.2)
2252 (48.2)
7141 (45.6)
9364 (46.5)
12,635 (44.2)
1243 (59.6)
1192 (52.8)
1015 (49.9)
312 (48.5)
12,791 (45.3)
3582 (49.3)

Unsafe day crime, n (%,
mean)
DA
AG
7330 (97.5)
192 (2.6)
13,385 (97.0)
421 (3.0)
9417 (95.9)
398 (4.1)
4445 (94.8)
242 (5.2)
15,272 (97.0)
471 (3.0)
19,305 (96.1)
782 (3.9)
27,630 (96.6)
963 (3.4)
1983 (95.2)
101 (4.9)
2171 (95.9)
92 (4.1)
1985 (97.0)
61 (3.0)
613 (95.6)
28 (4.4)
27,272 (96.5)
1003 (3.6)
7047 (96.7)
241 (3.3)

Unsafe night crime, n (%,
mean)
DA
AG
6238 (82.9)
1283 (17.1)
11,089 (80.4) 2711 (19.6)
7128 (72.7)
2675 (27.3)
3050 (65.2)
1627 (34.8)
13,109 (83.2) 2640 (16.8)
14,396 (71.8) 5656 (28.2)
22,225 (77.8) 6344 (22.2)
1442 (69.5)
633 (30.5)
1554 (68.7)
709 (31.3)
1676 (82.0)
367 (18.0)
470 (73.0)
174 (27.0)
21,562 (76.3) 6698 (23.7)
5744 (79.0)
1530 (21.0)

>University
Diploma / high
school
≤Year 10 / no
schooling
Employed
Unemployed
Retired
≥70000
50–69999
40–49999
30–39999
20–29999
10–19999
≤9999
Quintile 1 (high)
Quintile 2
Quintile 3
Quintile 4
Quintile 5 (low)
Major cities
Inner/outer regional

10,983 (30.3)
15,214 (42.0)

5778 (52.9)
8320 (55.3)

5135 (47.1)
6735 (44.7)

10,757 (98.5)
14,562 (96.7)

166 (1.5)
496 (3.3)

9329 (85.5)
11,617 (77.3)

1584 (14.5)
3419 (22.7)

9677 (26.7)

5011 (52.9)

4469 (47.1)

8932 (93.9)

576 (6.1)

6307 (66.3)

3202 (33.7)

18,754 (51.8)
482 (1.3)
16,988 (46.9)
16,015 (44.2)
4503 (12.4)
2793 (7.7)
3174 (8.8)
3878 (10.7)
2972 (8.2)
770 (2.1)
6233 (17.2)
6613 (18.3)
7063 (19.5)
7295 (20.1)
7474 (20.6)
17,700 (48.9)
13,165 (36.3)

10,057 (54.2)
236 (49.5)
8987 (53.6)
8431 (53.1)
2510 (56.4)
1541 (55.6)
1751 (55.8)
2094 (54.6)
1502 (51.5)
382 (51.0)
2772 (45.2)
3515 (54.0)
4066 (58.3)
4165 (57.8)
3810 (51.3)
7432 (42.3)
8292 (63.8)

8494 (45.8)
241 (50.5)
7770 (46.4)
7461 (46.9)
1944 (43.7)
1228 (44.4)
1390 (44.3)
1739 (45.4)
1412 (48.5)
367 (49.0)
3368 (54.8)
2997 (46.0)
2905 (41.7)
3046 (42.2)
3621 (48.7)
10,128 (57.7)
4697 (36.2)

18,038 (97.1)
451 (94.8)
16,088 (95.9)
15,554 (97.8)
4364 (97.7)
2682 (96.7)
3040 (96.7)
3639 (94.9)
2717 (92.9)
668 (89.9)
5762 (93.6)
6282 (96.2)
6750 (96.9)
7030 (97.2)
7290 (98.1)
16,915 (96.3)
12,581 (96.7)

540 (2.9)
25 (5.3)
688 (4.1)
356 (2.2)
102 (2.3)
92 (3.3)
105 (3.3)
193 (5.1)
206 (7.1)
75 (10.1)
393 (6.4)
247 (3.8)
217 (3.1)
197 (2.7)
143 (1.9)
646 (3.7)
427 (3.3)

15,126 (81.4)
337 (70.8)
12,042 (71.9)
13,393 (84.2)
3564 (79.8)
2140 (77.4)
2311 (73.7)
2552 (66.8)
1735 (59.4)
430 (57.6)
3715 (60.4)
4706 (72.1)
5399 (77.5)
5915 (82.0)
6544 (88.0)
13,177 (75.1)
10,060 (77.4)

3457 (18.6)
139 (29.2)
4700 (28.1)
2514 (15.8)
901 (20.2)
626 (22.6)
826 (26.3)
1266 (33.2)
1187 (40.6)
316 (42.4)
2436 (39.6)
1817 (27.9)
1565 (22.5)
1298 (18.0)
893 (12.0)
4371 (24.9)
2943 (22.6)
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Family diabetes
history
Mediating
variables
Social contact
Physical activity
Walking
Body mass index
Sleep time
Psychological
distress
Sitting time
Sitting time
(Television)
Sitting time
(Computer)

Remote / very
remote
No

4181 (11.5)

2,832 (69.4)

1250 (30.6)

3973 (96.7)

136 (3.3)

3330 (81.2)

772 (18.8)

28,884 (79.7)

15,376 (53.9)

13,155 (46.1)

27,557 (96.5)

1011 (3.5)

21,981 (77.0)

6565 (23.0)

Yes

7339 (20.3)

3903 (53.8)

3350 (46.2)

7019 (96.7)

242 (3.3)

5523 (76.1)

1731 (23.9)

No
Yes
Minutes/week
(mean, median)
Minutes/week
(mean, median)
Kg/m2
≥7 hours
<7 hours
Low

4796 (13.2)
31089 (85.8)
35,557 (709.4,
480)
34,146 (214.9,
120)
34,047 (26.4)
30,302 (83.7)
5583 (15.4)
34,300 (94.7)

2678 (56.1)
16,530 (53.5)
18,930 (727.3,
480)
18,089 (205.2,
120)
18,118 (26.5)
16,263 (54.3)
2835 (51.4)

2095 (43.9)
14,343 (46.5)
16,231 (687.1,
480)
15,685 (226.2,
135)
15,536 (26.2)
13,689 (45.7)
2677 (48.6)

33,990 (711.1,
480)
32,673 (214.9,
120)
32,521 (26.4)

1217 (661,
390)
1150 (204.2,
120)
1173 (27.2)

32,853 (96.8)

1101 (3.2)

25,886 (26.3)
23,348 (77.9)
3928 (71.3)
26,341 (77.7)

7779 (26.7)
6616 (22.1)
1584 (28.7)
7577 (22.3)

Mild-severe
<6 hours/day
≥6 hours/day
<6 hours/day

1804 (5.0)
21,487 (59.3)
13,319 (36.8)
34,129 (94.2)

1638 (92.1)
20,433 (96.2)
12,858 (97.2)
32,665 (96.7)

141 (7.9)
808 (3.8)
377 (2.9)
1118 (3.3)

1109 (62.3)

672 (37.7)

≥6 hours/day
<6 hours/day

1538 (4.3)
28,929 (79.9)

1406 (92.8)
27,628 (96.4)

109 (7.2)
1025 (3.6)

≥6 hours/day

5008 (13.8)

4869 (97.7)

117 (2.4)

AG: Strongly agree / agree; DA: Strongly disagree / disagree; Bold: significant at 5% level
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Table 5.3: Mediation of the association between perceived built environment characteristics and type 2 diabetes incidence by intervening variables
at wave 2 and wave 3 #
Mediating variables
Local amenities
Physical activity
Walking
Body mass index
Social contact
Sleep time
Unsafe day crime
Physical activity
Walking
Psychological distress
Body mass index
Sitting time
Sitting time (TV)
Sitting time (Com)
Sitting time (TV weekday)
Sitting time (TV weekend)
Sitting time (Com weekday)
Sitting time (Com weekend)
Unsafe night crime
Psychological distress
Body mass index
Sleep time

Wave 2 a
AORTE
(95% CI)

AORNDE
(95% CI)

AORNIE
(95% CI)

% MEDb

Wave 3 a
AORTE
(95% CI)

AORNDE
(95% CI)

AORNIE
(95% CI)

%
MEDb

1.21 (1.07–1.39)
1.22 (1.08–1.41)
1.21 (1.07–1.39)
1.21 (1.06–1.37)
1.22 (1.07–1.38)

1.19 (1.05–1.36)
1.20 (1.07–1.39)
1.15 (1.02–1.32)
1.21 (1.07–1.37)
1.22 (1.08–1.38)

1.01 (1.01–1.02)
1.01 (1.01–1.02)
1.05 (1.04–1.07)
0.99 (0.99–1.01)
1.00 (0.99–1.01)

5.9%
5.7%
27.7%
-

1.22 (1.07–1.38)
1.21 (1.07–1.39)
1.18 (1.03–1.34)
NA
1.23 (1.10–1.40)

1.20 (1.05–1.37)
1.19 (1.05–1.37)
1.13 (1.01–1.29)
NA
1.23 (1.10–1.40)

1.01 (1.01–1.02)
1.02 (1.01–1.03)
1.05 (1.03–1.06)
NA
1.00 (0.99–1.01)

5.7%
11.1%
30.1%
-

1.74 (1.29–2.21)
1.82 (1.36–2.34)
1.69 (1.28–2.17)
1.84 (1.32–2.39)
1.72 (1.29–2.21)
1.74 (1.30–2.26)
1.70 (1.25–2.19)
NA
NA
NA
NA

1.67 (1.23–2.11)
1.80 (1.35–2.33)
1.66 (1.26–2.14)
1.70 (1.25–2.21)
1.73 (1.30–2.22)
1.73 (1.30–2.25)
1.70 (1.25–2.19)
NA
NA
NA
NA

1.05 (1.02–1.07)
1.01 (1.001–1.02)
1.02 (1.01–1.04)
1.08 (1.04–1.15)
0.99 (0.98–1.00)
1.00 (0.99–1.02)
1.00 (0.99–1.01)
NA
NA
NA
NA

11.1%
2.2%
4.8%
16.3%
-

1.71 (1.26–2.17)
1.75 (1.30–2.26)
1.60 (1.19–2.09)
1.70 (1.26–2.29)
NA
NA
NA
1.68 (1.27–2.20)
1.68 (1.24–2.21)
1.78 (1.32–2.29)
1.74 (1.29–2.26)

1.67 (1.23–2.12)
1.73 (1.29–2.23)
1.57 (1.18–2.07)
1.50 (1.10–1.99)
NA
NA
NA
1.68 (1.27–2.19)
1.68 (1.24–2.22)
1.78 (1.32–2.32)
1.74 (1.29–2.27)

1.02 (1.01–1.04)
1.01 (1.01–1.03)
1.02 (1.01–1.04)
1.14 (1.08–1.23)
NA
NA
NA
1.00 (0.99–1.01)
0.99 (0.99–1.01)
0.99 (0.97–1.03)
0.99 (0.98–1.01)

4.8%
2.3%
5.2%
29.6%
-

1.35 (1.16–1.57)
1.38 (1.17–1.61)
1.37 (1.17–1.56)

1.34 (1.14–1.55)
1.32 (1.13–1.56)
1.36 (1.18–1.57)

1.01 (1.01–1.02)
1.04 (1.03–1.06)
1.00 (0.99–1.02)

3.8%
14.2%
-

1.37 (1.16–1.60)
1.38 (1.18–1.63)
1.34 (1.16–1.56)

1.35 (1.14–1.58)
1.31 (1.12–1.53)
1.34 (1.17–1.58)

1.01 (1.01–1.03)
1.05 (1.04–1.08)
1.00 (0.99–1.01)

3.7%
17.4%
-

AORTE: adjusted odds ratio (total effect); AORNDE: adjusted odds ratio (natural direct effect); AORNIE: adjusted odds ratio (natural indirect effect); CI: confidence interval;
%MED: proportion mediated; bproportion meditated (for dichotomous outcome) = NDE X (NIE-1)/NDEXNIE-1; Bold: significant at 5% level; TV: television; Com: computer;
#
models adjusted for demographic, socioeconomic, area disadvantage and remoteness, and family history of diabetes; a when the NDE and CDE was not equal (suggestive of
exposure-mediator interaction), the estimates of models with exposure-mediator interaction are presented; NA: information on the mediating variable was not available for that
particular wave
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5.2.5 Discussion
This longitudinal study examined the role of several hypothesised mediators of the
association between the built environment and T2DM incidence. The results showed that
perceived lack of access to local amenities increased the risk of developing T2DM by
reducing physical activity and walking, and by increasing BMI. Perceived day- and nighttime crime increased T2DM risk by increasing BMI and psychological distress, and daytime crime also increased T2DM risk by reducing physical activity and walking. These
identified mediators partially mediated the built environment–T2DM associations. The
findings suggest the importance of designing residential environments that support
healthy behaviour, mental and physical health that, in turn, can potentially reduce T2DM
risk.

Consistent with the findings in some studies (Auchincloss et al. 2008; Auchincloss et al.
2009; Müller-Riemenschneider et al. 2013), the results showed that BMI mediated the
effect of local amenities and crime on T2DM risk. Owing to the differences in the
exposures examined, and exposures and outcome measurements, a direct comparison
with other studies was not made. A cross-sectional study that used causal mediation
analysis (Sarkar, Webster & Gallacher 2018) and a cohort study that employed the
classical approach (Polsky et al. 2016) also showed that obesity explained the association
between objectively assessed food environment and T2DM. Similar to the findings in a
study that assessed perceived area violence (Gebreab et al. 2017), BMI partly explained
the effect of crime on T2DM in the current study. BMI also appeared to exhibit the highest
portion of the effect mediated. BMI is the most proximal to T2DM in the environment–
T2DM pathway and thus might have accounted for other factors. The indirect effect of
psychological distress observed for crime in this study supports the hypothesis that crime
can elicit mental health conditions (Astell-Burt et al. 2015; Dustmann & Fasani 2016),
which in turn could trigger physiological and metabolic imbalance. Psychological distress
was also found to fully explain the association between perceived area disorder and
obesity in another study (Burdette & Hill 2008).

In support of the hypothesis, the results suggest that having local amenities and a safe
neighbourhood may motivate physical activity and walking, which as a result, can reduce
T2DM risk. Studies show that proximity to destinations and area crime are associated
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with physical activity (Foster et al. 2016; King et al. 2015; Lin et al. 2019; Rees-Punia,
Hathaway & Gay 2018; Siceloff, Coulon & Wilson 2014; Van Dyck et al. 2013), and
physical activity mediates the effect of environment including crime on BMI (Mujahid et
al. 2008; Richardson et al. 2017) and T2DM (Auchincloss et al. 2008; MüllerRiemenschneider et al. 2013). Self-reported physical activity partially mediated the
influence of objectively assessed walkability and norms about physical activity / obesity
on HbA1c in a cohort study that used causal mediation analysis (Carroll et al. 2017).
Another study, nonetheless, showed accelerometer assessed but not self-reported physical
activity mediated the walkability-BMI association, suggesting the use of both objective
and subjective measures could be important to triangulate the underlying mechanisms
(Siceloff, Coulon & Wilson 2014). The indirect effect was also slightly stronger for local
amenities through walking and for crime through total physical activity. Different
environmental attributes may influence specific types of physical activities distinctly,
which may be controlled by either choice or necessity (Van Dyck et al. 2013).

Interestingly, the results showed that the proportion mediated increased in wave 3 for
almost all the mediators tested, denoting an increase in the built environment effect over
time. A study also showed that repeated measures of mediators over time increased the
proportion explained (Stringhini et al. 2010). One possible explanation is that the
influence of the environment may not be immediate and is accumulated over time. It may
indicate that assessing time-varying mediators at one point in time may not provide
accurate estimates. Additionally, the attenuated yet robust indirect effects for the wave 2
mediators may imply earlier exposure and/or onset of perception that grew over time. The
influence of the salience of the built environment in one’s life as they grow older is
another possible reason for the stronger impact in wave 3.

The direct effect for the intervening pathways identified in this study remained robust,
implying the effect of other likely mediators. Local amenities may also include
supermarkets, convenience stores, and restaurants, which may have a distinct influence
on the diet (Sallis & Glanz 2009). The present study could not assess the possible role of
diet since measures of the food environment and measures related to fast-food and excess
sugar consumption were not available in the data. The remaining direct effect might also
represent the effect of smoking with tobacco advertisements and stores and alcohol
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consumption with bars/liquor stores. Better measures of the social environment such as
social cohesion and isolation rather than just a few social contacts, and of mental health
measures such as depression (Latkin & Curry 2003), and other factors not examined in
this study might help further clarify the mechanism. Future studies should consider using
better measures and examining other plausible mediating factors. Although crime is
associated with sleep (Hill et al. 2016) and sedentary behaviour (Lin et al. 2019), and
access to facilities may promote social interaction (van den Berg, Arentze & Timmermans
2015), the influence of these factors was not evident in the present study. Sleep may be a
more important mediator for green spaces and noise (Astell-Burt, Feng & Kolt 2013). A
study also showed that the mediating role of sedentary behaviour on the association
between objectively measured walkability and adiposity was not strong (Van Dyck et al.
2010).

5.2.5.1 Strengths and limitations
Strengths of this study include the longitudinal design, robust methodology, and the
analysis of the same data in Chapter 4 showed that the findings were unlikely to be
confounded by residential self-selection bias (Dendup, Astell-Burt & Feng 2019).
Moreover, the counterfactual approach using the STATA macro provides estimates using
bootstrapping that is preferred over the delta method (Zhao, Lynch Jr & Chen 2010) and
is also shown to yield estimates with low bias and high efficiency (Rijnhart et al. 2019).
These provide stronger evidence for a causal association in the present study.

There are, however, some limitations. All the variables were self-reported and are
susceptible to recall and social desirability bias. The low proportion of those who reported
feeling unsafe due to day-time crime in this study sample could have also reduced the
strength of associations. Measurement errors of mediators can attenuate the indirect effect
and inflate the direct effect (VanderWeele 2016), whereas outcome measurement error
can underestimate both the direct and indirect effects (VanderWeele 2016). Self-reported
T2DM in the 45 and Up Study data was nonetheless found to have high sensitivity and
specificity than administrative data (Comino et al. 2013). The use of perceived built
environment measures in this study also prevents capturing the physical and structural
aspects of the environment precisely. In addition, it brings in the possibility of spurious
associations due to same-source bias. However, perceived measures can reflect important
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aspects such as the experience, quality, use, and the context where the behaviour actually
takes place that are difficult to capture in objective measures. Thus, perceived measures
may better relate to behaviour. Measures obtained through surveys and questionnaires are
referred to as perceived measures, while those collected through physical observations,
audits, and GIS are objective measures (Dendup et al. 2018). The perception of the built
environment may also mediate the associations between related objective measures and
health (Van Dyck et al. 2013).

The potential threat of unmeasured confounders cannot be ruled out though several
common confounders were adjusted in the analysis, which to a certain extent, upholds
some of the identification assumptions. Since the wave 3 mediators and the outcome were
assessed concurrently, the assumption of no mediator-outcome confounding that itself is
affected by the exposure may not hold entirely in this study (Valeri & Vanderweele 2013).
However, the wave 2 mediators also revealed similar estimates suggesting the possible
effect prior to wave 2. Marginal structural models are recommended when this condition
is not met; however, such models assume no unmeasured confounder, selection bias, and
measurement error, and that is usually difficult to satisfy in observational studies
(VanderWeele 2009).

Furthermore, the macro used in the present study does not allow for testing models with
multiple mediators. It is plausible that the environment may influence physical activity
that, in turn, can impact BMI, and as a result influence T2DM risk. The low response rate
and the study sample may also prohibit generalisability, although the findings from the
45 and Up Study were found comparable to those of the New South Wales Population
Health Survey (Mealing et al. 2010). Besides, representativeness may not be of
paramount concern in epidemiological studies investigating causation (Rothman,
Gallacher & Hatch 2013).

5.2.6 Summary of findings
This study found that physical activity, walking, psychological distress, and BMI
mediated the pathways through which perceived local amenities and crime influence the
risk of developing T2DM. The results provide support to the theory that some
behavioural, physical, and mental health factors mediate the association between the built
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environment and T2DM. The findings suggest that policies aimed to bring amenities
closer to residences, prevent crime, and address mental health may supplement the current
efforts through increasing physical activity and healthy diet promotion.
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Chapter Six: Does perceived neighbourhood crime moderate the
association between perceived built environment and type 2 diabetes
incidence?

6.1 Preface
Some environmental characteristics may counteract the adverse impact of other
environmental characteristics, while others may act synergistically to influence T2DM
risk. For example, the availability of physical activity resources may buffer against the
negative effect of fast-food outlets. Similarly, some environmental characteristics may
modify the pathways through which the environment influences T2DM. Such
associations are theorised in the socioecological models of health and behaviour
described in chapters 1 and 3. These seemingly plausible intertwined relationships
between different environment characteristics that may help inform cost-effective policy
investments remain less clear and rarely explored.

Building upon the previous findings in chapters 4 and 5, this chapter addresses the fourth
objective of the thesis. The potential moderating role of perceived neighbourhood crime
during day and night on the built environment–T2DM incidence association, and the
pathways through which the built environment influences T2DM incidence were both
investigated. This study used regression models with interaction terms and causal
mediation analysis that was stratified by crime to test the role of area crime on the
association between perceived built environment and T2DM. In addition, the influence
of the clustering of unfavourable built environment conditions was also examined.
Paper title: ‘The role of perceived neighbourhood crime in the longitudinal association
between perceived built environment and type 2 diabetes risk: A moderated mediation
analysis’ – Under review with the Journal of Epidemiology and Community Health.
Author’s contribution: Tashi Dendup designed the study, analysed and interpreted the
data, and prepared and revised the manuscript. Xiaoqi Feng, Thomas Astell-Burt, and
Pauline O'Shaughnessy supervised and directed the conduct of the study, and critically
reviewed the draft manuscript for intellectual content. Xiaoqi Feng and Thomas AstellBurt secured data and funding for this study.
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6.2 The study: The role of perceived neighbourhood crime in the longitudinal
association between perceived built environment and type 2 diabetes risk: A
moderated mediation analysis

6.2.1 Abstract
This study examined to what extent perceived crime moderates associations between type
2 diabetes mellitus (T2DM) and other perceived environment characteristics, and
potential mediation of association between perceived local amenities and T2DM risk.
Longitudinal data of 36,224 individuals was analysed using multilevel logistic regression
to examine the association between T2DM and clustering of unfavourable built
environment and area disadvantage. A moderated mediation model was tested to explore
whether crime moderated the strength of identified local amenities–T2DM pathways. The
results showed that individuals who reported having footpaths and recreational facilities
but reported feeling unsafe due to crime had higher odds of developing T2DM. The
associations were, however, not statistically strong. Irrespective of perceptions of crime
during the day and/or night, perceived lack of local amenities was associated with
increased odds of developing T2DM, and BMI mediated 40% and 30.3% of this
association among those who reported unsafe and safe day crime, respectively. The
proportion mediated by BMI among those who reported unsafe and safe night crime was
27.3% and 35.1%, respectively. Walking mediated 5.7% of the local amenities–T2DM
association among those who reported safe day crime. Those who perceived a more
unfavourable environment had a higher odds of developing T2DM, which increased with
rising unfavourability and area disadvantage. The results suggest that the availability of
neighbourhood amenities may lower T2DM risk by increasing walking and reducing BMI
regardless of area crime. Policies to enhance access to local amenities and prevent crime,
especially in disadvantaged areas, may support healthy behaviour and physical health that
can potentially reduce T2DM risk.

Keywords: crime; local amenities; built environment; diabetes; moderated mediation;
BMI.
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6.2.2 Introduction
There is a growing interest in better understanding the upstream determinants of type 2
diabetes mellitus (T2DM) and related outcomes (Dendup et al. 2018; Diez Roux & Mair
2010; Feng et al. 2010). Socioecological models highlight the importance of examining
interactions between multiple levels of health influences (Sallis, Owen & Fisher 2008).
The moderating role of built environment characteristics on each other in influencing
T2DM risk is conceivable. For example, greenspace may lessen the adverse effect of air
pollution and stress on T2DM and hypertension, and also reinforce the salutary effect of
social capital (Groenewegen et al. 2018). A healthy food environment at work and home
may act synergistically to reduce body mass index (Moore et al. 2013). Likewise, an
improved neighbourhood could buffer against the impact of poor housing on mental
health (Jones-Rounds, Evans & Braubach 2014). Highly dense areas may also have better
resources that may influence health positively (Giles-Corti et al. 2016), whereas deprived
areas with low walkability and density may increase T2DM risk (Booth et al. 2013; Van
Cauwenberg et al. 2019). Disadvantaged areas might have more health-damaging
resources such as greater unhealthy food sources (Dunn, Sharkey & Horel 2012; Hilmers,
Hilmers & Dave 2012) and higher crime and more disorder, and fewer social and
environmental resources which can possibly reduce the benefit of health-promoting
resources such as greenspace availability (Ambrey, Fleming & Manning 2014; Chong et
al. 2013). However, the interaction between different environmental characteristics is
currently less clear. Examining these interactions can potentially provide insights into the
complex environment–T2DM relationship.

Equally, some environmental characteristics may modify the pathways through which the
environment influences T2DM. Crime might deter people from using local resources that
may otherwise promote physical activity and mental wellbeing. This in turn can increase
T2DM risk. Studies show that compared to areas that do not favour walking, highly
walkable areas but perceived to be unsafe or lacking good infrastructure may have little
or no effect on physical activity (Bracy et al. 2014; Cerin et al. 2018; Cerin et al. 2013).
Newman’s defensible space theory also posits that residential environment attributes may
promote or inhibit crime by influencing the behaviour of residents and potential offenders
(Newman 1996). The fear of an unsafe neighbourhood may adversely impact metabolic
conditions through poor mental health. These probable differences arising from the
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interplay between environmental characteristics remain largely unexplored. Such
understandings can help identify at-risk populations and inform targeted interventions.
The moderated mediation approach, also known as “conditional indirect effect,”
combines mediation and moderation analysis (Hayes 2017; Preacher, Rucker & Hayes
2007). It allows for examining whether the indirect or the mediated effect depends on
another variable. Therefore, it can help disentangle the nature of the relationships between
the variables of interest.

Studies exploring built environment–T2DM association has often used combined
measures of several related environmental attributes (Dendup et al. 2018; Feng et al.
2010). Aggregated measures of area physical activity and healthy food resources
(Auchincloss et al. 2009), and a neighbourhood categorised as moderate obesogenicity
clusters (Meyer et al. 2015) were associated with a lower incidence of T2DM and insulin
resistance. Summary measures of physical and social environment disadvantage were
also related to greater T2DM odds (Liu & Núñez 2014), while a higher level of
walkability was consistently associated with lower risk (Booth et al. 2019; Booth et al.
2013; Creatore et al. 2016; Müller-Riemenschneider et al. 2013; Paquet et al. 2014;
Sundquist et al. 2015). Although such measures may represent proximity to local
resources, information on area crime that can also potentially influence T2DM is not
always included.

Accordingly, expanding upon the findings in Chapter 4 (Dendup, Astell-Burt & Feng
2019), this study tests the following hypotheses:

a) Individuals who perceived having local amenities, recreational facilities, footpaths,
and public transit in their neighbourhood but reported feeling unsafe due to crime
would have increased T2DM risk. This association would be amplified among those
who perceived lacking these resources and safe area crime.

b) Mediation of the association between perceived lack of local amenities and T2DM
would be stronger among those who perceived the neighbourhood as unsafe due to
crime.
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c) Individuals living in neighbourhoods with a more perceived unfavourable
environment would have higher risk of T2DM. This would rise with increasing
unfavourability and area disadvantage.

6.2.3 Methods
6.2.3.1 Study data
The dataset of The Sax Institute’s 45 and Up Study, a large longitudinal study of ageing
in the population of New South Wales, Australia, was used in this study (45 and Up Study
Collaborators 2008). Information on a range of exposures and health outcomes were
collected from 267,153 individuals aged ≥45 years during the baseline survey that
occurred from 2006 to 2009. Data was collected using a self-completed questionnaire that
had been mailed to the participants randomly selected from the Department of Human
Services database (formerly Medicare Australia). The survey attained a response rate of
18%, and individuals aged >80 years and those living in rural areas were oversampled.
The University of New South Wales Human Research Ethics Committee granted the
ethical approval for the 45 and Up Study, and the University of Wollongong and the
Illawarra Shoalhaven Local Health District Health and Medical HREC provided ethical
approval for the current study.

A sub-study, the Social, Economic and Environmental Factors study followed-up the first
100,000 baseline participants in 2010. This study, designed to assess health and wellbeing
in relation to socioeconomic and environmental factors, achieved a response rate of
around 60%. This study is referred to as wave 2 in this paper, and the follow-up to the
entire 45 and Up Study that occurred from 2012 to 2015 is referred to as wave 3. Those
who reported having T2DM at wave 2, those missing or lost to follow-up, and without
information on T2DM in wave 3 were excluded. The final sample used in the analysis
was 36,224 (43.8% men and 56.2% women). More information on the sample selection
process is detailed in Chapter 3.

6.2.3.2 Study variables
6.2.3.2.1 Type 2 diabetes status: The questions, “Has a doctor ever told you that you have
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diabetes?” and “Have you taken any medications, vitamins or supplements for most of
the last 4 weeks? If yes, did you take Diabex, Diaformin metformin?”, were used to derive
the T2DM status. Those participants who reported having doctor-diagnosed T2DM
and/or taking diabetes medications at wave 3 formed the incident cases.

6.2.3.2.2 Built environment variables: The built environment measures were derived from
the statements below that assessed the availability of shops, stores, and markets or other
places (collectively called local amenities in this study), footpaths, public transit,
recreational facilities in the neighbourhood, and neighbourhood crime in wave 2. The
responses were comprised of 4 items with a score ranging from 1 (strongly agree) to 4
(strongly disagree).

-

My neighbourhood has several; free or low cost recreation facilities, such as parks,
walking paths, swimming pools.

-

There are footpaths on most of the streets in my neighbourhood.

-

Many shops, stores, markets or other places to buy things I need are within easy
walking distance of my home.

-

A public transport stop is within a 10–15 min walk from my home.

-

The crime rate in my neighbourhood makes it unsafe to go on walks during the day.

-

The crime rate in my neighbourhood makes it unsafe to go on walks at night.

To examine associations with potential clustering of unfavourable built environment
perceptions, a composite perceived built environment measure called “neighbourhood
unfavourability” was constructed using the three perceived built environment variables
(i.e. local amenities, day- and night-time crime) that were previously found associated
with T2DM in Chapter 4 (Dendup, Astell-Burt & Feng 2019). The original scales were
aggregated, and the mean of the scores was then divided into tertiles. The lowermost
tertile represented the least unfavourable environment, and the uppermost represented the
highest unfavourable environment level, whereas for the other specific analysis described
in section 2.4, responses were dichotomised as disagree (for strongly disagree and
somewhat disagree) and agree (for strongly agree and somewhat agree). Responses to
crime-related questions were inversed.
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6.2.3.2.3 Candidate mediating variables: The potential mediators that were assessed are
presented in Table 6.1.

Physical activity: Self-reported responses on time spent walking (for recreation, exercise,
or to get to or from places), moderate and vigorous (by a factor of two) physical activity
in the previous week were summed to calculate the total physical activity time. The
questions extracted from the Active Australia Survey (Australian Institute of Health and
Welfare 2003) were found valid and reliable (Brown et al. 2008). Walking was also
examined as an independent candidate mediator, given that the residential environment
may influence walking more strongly (Saelens & Handy 2008), whereas vigorous
physical activity may be more likely to take place elsewhere (e.g., in a gym).
Table 6.1: Potential mediators for the day- and night-crime as moderators
Moderators

Mediators

Day crime

Physical activity, walking, social contact, body mass index

Night crime

Sleep, body mass index

Body mass index (BMI): The BMI (expressed in kg/m2) was calculated using the selfreported measures of weight (in kilograms) and height (in metres) that were validated
previously (Ng et al. 2011).
Sleep duration: Responses to the question: “About how many hours in each 24 hour day
do you usually spend sleeping?” were used to determine sleep time. A cut-off of <7 hours
was used to define short sleep duration (Cappuccio et al. 2010b) since fear of crime can
be a valid reason for individuals not having enough sleep.
Social contact: The question, which was administered only in wave 2, “When you shop
in your local area, are you likely to run into friends and acquaintances?” was used to
determine social contact.

6.2.3.2.4 Confounding variables: The confounding variables collected in wave 2 that
included age, gender, marital status, country of birth, highest qualification, working
status, annual household income, family history of T2DM, area disadvantage, and area
remoteness were considered. Area disadvantage was measured using the SEIFA index
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(Pink 2013). The Accessibility/Remoteness Index was used to determine the remoteness
of a particular area (Hugo Centre for Migration and Population Research 2012).

6.2.3.3 Statistical analyses
Proportions, means, and other descriptive statistics were used to describe the
characteristics and the distribution of perceived neighbourhood unfavourability. The
associations of the baseline characteristics and mediating variables with neighbourhood
unfavourability were assessed using Pearson’s chi-square test and one-way analysis of
variance for categorical and continuous variables, respectively.

Multilevel logistic regression with individuals at level 1 and Local Government Areas
(LGA) at level 2 was conducted to examine the association between neighbourhood
unfavourability and T2DM risk. LGAs represent the approximate boundaries of local
government, which are developed using one or more whole mesh blocks. Mesh blocks
are the smallest statistical area, and they are used as building blocks for larger areas. Most
residential mesh blocks are comprised of 30 to 60 dwellings. The multilevel analysis helps
to disentangle associations with contextual variables while accounting for individuallevel characteristics (Subramanian, Jones & Duncan 2003). Analyses controlled for age,
gender, marital status, birth country, education, working status, income, and family
history of T2DM, area disadvantage, and remoteness. Marginal probabilities of diabetes
risk by area disadvantage and neighbourhood unfavourability were also calculated. The
adjusted odds ratios and their 95% confidence intervals (CIs) were reported. The
statistical significance was determined at the 5% level (p<0.05). Two-way interaction
terms were then fitted to assess for potential multiplicative interaction by crime on the
association between each perceived built environment and T2DM. The analysis was
further stratified by day- and night-time crime.

Since the association between other environmental characteristics and diabetes was not
strong in the models stratified by crime (Table 6.5), moderated mediation models were
analysed only for access to local amenities. Causal mediation analyses were performed to
examine the role of each candidate mediators of the local amenities-T2DM association,
with separate models fitted for mediators measured at wave 2 and wave 3. To assess the
moderating effect of crime on the potential mediation by each candidate mediators, the
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mediation analyses were stratified by day and night crime. While there are numerous
ways in which a moderator may influence the mediating pathways (Preacher, Rucker &
Hayes 2007), the moderated mediation model shown in Figure 6.1 was tested in the
present study. The “paramed” procedure in STATA (Emsley & Liu 2013) was used to
conduct causal mediation analysis for each of the potential mediators separately. This
procedure uses a regression-based approach to decompose the total effect into natural
direct effect (NDE) and the natural indirect effect (NIE) in the presence of exposuremediator interactions. Bias-corrected 95% CIs were calculated by bootstrapping 1000
samples for all the indirect effects. The proportion mediated was then estimated using the
formula (provided in the footnote of Table 6.6) described previously (Vanderweele &
Vansteelandt 2010). After excluding the missing observations, the number of participants
in each of the crime subgroups was more than the minimum number of samples required
for an 80% probability of detecting mediated effects in the percentile-based bootstrapping
approach (Fritz & Mackinnon 2007). All analyses were conducted using the STATA
version 14.2 package.

Moderator:
Crime

Mediators

b

a
Local amenities

Moderator:
Crime

c’

Type 2 Diabetes

Figure 6.1: Illustration of the moderated mediation model for the study
Mediators: include body mass index, physical activity, sleep time, and social contact; ab: indirect effect;
c’: direct effect; crime: day- or night-time crime

6.2.4 Results
6.2.4.1 Sample characteristics
The mean age (SD) of the participants was 63.5 (9.37) years at baseline. During the mean
follow-up of 5 years, 3.7% developed T2DM at wave 3. A majority of the participants
were <65 years of age, female, married, and born in Australia (Table 6.2). Most were
educated, employed, from high-income households, and lived in low disadvantaged and
urban areas.
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Table 6.2: Baseline characteristics of the study participants and distribution of
neighbourhood unfavourability by sociodemographic and potential mediating variables
at baseline
Variables
Demographic
Age

Gender
Relationship

Birth country
Socioeconomic
Education

Working status

Household income
(in AUD)

Area disadvantage

Area remoteness

Family history of
diabetes
Potential
mediators
Social contact
Physical activity
(mean)
Recreational
walking
Body mass index
(mean)
Sleep duration
Outcome (wave 3)
Type 2 diabetes

Categories

N (%, mean)

Neighbourhood unfavourability
Low
Medium
High

<55yrs
55–64
65–74
>74
Male
Female
Married
Single
Widowed
Divorced
Separated
Australia
Others

7564 (20.9)
13,913 (38.4)
9959 (27.5)
4788 (13.2)
15,866 (43.8)
20,358 (56.2)
28,910 (79.8)
2107 (5.8)
2288 (6.3)
2055 (5.7)
651 (1.8)
28,603 (78.9)
7348 (20.3)

3012 (23.4)
5155 (40.1)
3215 (25.0)
1469 (11.4)
6200 (48.3)
6651 (51.8)
10,031 (78.5)
847 (6.6)
833 (6.5)
840 (6.6)
224 (1.8)
9920 (77.8)
2838 (22.2)

3712 (20.8)
6880 (38.5)
4984 (27.9)
2313 (12.9)
7795 (43.4)
10,094 (56.4)
14,544 (81.8)
923 (5.2)
1041 (5.9)
980 (5.5)
300 (1.7)
14,197 (80.0)
3557 (20.0)

832 (15.4)*
1854 (34.4)
1718 (31.9)
983 (18.3)
1830 (34.0)*
3557 (66.0)
4256 (79.5)*
332 (6.2)
411 (7.7)
231 (4.3)
125 (2.3)
4400 (82.3)*
945 (17.7)

>University
Diploma / high
school
≤Year 10
Employed
Unemployed
Retired
≥70000
50–69999
40–49999
30–39999
20–29999
10–19999
≤9999
Quintile 1 (high)
Quintile 2
Quintile 3
Quintile 4
Quintile 5 (low)
Major cities
Inner/outer regional
Remote / very
remote
No

10,983 (30.3)
15,214 (42.0)

4882 (38.3)
5143 (40.4)

5184 (29.3)
7710 (43.5)

907 (17.0)*
2333 (43.8)

9677 (26.7)
18,754 (51.8)
482 (1.3)
16,988 (46.9)
16,015 (44.2)
4503 (12.4)
2793 (7.7)
3174 (8.8)
3878 (10.7)
2972 (8.2)
770 (2.1)
6233 (17.2)
6613 (18.3)
7063 (19.5)
7295 (20.1)
7474 (20.6)
17,700 (48.9)
13,165 (36.3)
4181 (11.5)

2712 (21.3)
7084 (55.1)
164 (1.3)
5603 (43.6)
6725 (55.1)
1546 (12.7)
939 (7.7)
1003 (8.2)
1072 (8.8)
720 (5.9)
211 (1.7)
1896 (15.3)
2098 (17.0)
2245 (18.2)
2607 (21.1)
3512 (28.4)
7677 (61.5)
3715 (29.8)
1084 (8.7)

4818 (27.2)
9238 (51.6)
222 (1.2)
8429 (47.1)
7637 (45.3)
2360 (14.0)
1454 (8.6)
1612 (9.6)
1977 (11.7)
1481 (8.8)
345 (2.1)
2957 (17.3)
3363 (19.7)
3746 (22.0)
3704 (21.7)
3294 (19.3)
7615 (44.1)
7266 (42.1)
2378 (13.8)

2091 (39.2)
2385 (44.3)*
94 (1.7)
2908 (54.0)
1632 (32.9)*
589 (11.9)
399 (8.1)
553 (11.2)
819 (16.5)
758 (15.3)
207 (4.2)
1357 (26.3)*
1131 (21.9)
1054 (20.4)
966 (18.7)
662 (12.8)
2389 (45.7)*
2142 (41.0)
694 (13.3)

28,884 (79.7)

10,371 (80.7)

14,181 (79.3)

4257 (79.0)*

Yes

7339 (20.3)

2480 (19.3)

3707 (20.7)

1130 (21.0)

No
Yes
Minutes/week

4796 (13.2)
31,089 (85.8)
35,557 (709.4)

1605 (12.7)
11,044 (87.3)
12,658 (688.1)

846 (15.8)*
4507 (84.2)
5265 (691.6)*

Minutes/week

34,146 (214.9)

12,250 (222.6)

Kg/m2

34,047 (26.4)

12,100 (26.1)

2341 (13.1)
15,478 (86.9)
17,558
(728.9)
16,817
(212.0)
16,821 (26.4)

≥7 hours
<7 hours

30,302 (83.7)
5583 (15.4)

10,894 (85.4)
1857 (14.6)

15,057 (85.0)
2666 (15.0)

4276 (80.4)*
1046 (20.0)

No
Yes

34885 (96.3)
1339 (3.7)

12,460 (97.0)
391 (3.0)

17,220 (96.3)
669 (3.7)

5109 (94.8)*
278 (5.2)

5009 (204.7)*
5040 (27.1)*

N: number; * significant at 5% level
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A majority of participants who perceived the neighbourhood to be highly unfavourable
were female (66%), married (79.5%), born in Australia (82.3%), retired (54%), and did
not have a family history of diabetes (79%) (Table 6.2). Just over one-third (34.4%) were
aged 55–64, while just under one-third came from high-income households (32.9%) and
under half had diploma / high school level education (43.8%). About one-quarter lived in
highly disadvantaged neighbourhoods (26.3%) and almost half in urban areas (45.7%).
Those who perceived the environment to be highly unfavourable had lower mean total
physical activity (691.6 minutes/week) and recreational walking levels (204.7
minutes/week) but had higher BMI (27.1 kg/m2). Most of the participants had adequate
sleep time (80.4%) and were more likely to meet friends in the local shops (84.2%).

6.2.4.2 Multilevel regression results
Those who perceived the neighbourhood environment to be moderately and highly
unfavourable had 1.23 (95% CI: 1.08, 1.42) and 1.62 (95% CI: 1.36, 1.94) times higher
odds of developing incident T2DM (Table 6.3). An increasing trend in the odds of T2DM
with rising neighbourhood disadvantage and unfavourability was observed with the
greatest odds among those who lived in highly disadvantaged areas and also perceived
the neighbourhood to be highly unfavourable (Figure 6.2). Individuals living in highly
disadvantaged areas but who perceived the neighbourhood environment to be highly
unfavourable had greater odds of developing diabetes than those from low disadvantaged
areas but who perceived the environment to be highly unfavourable. Similarly, those from
highly disadvantaged areas but a perceived low unfavourable environment had greater
odds than those from low disadvantaged areas but a perceived low unfavourable
environment.

Table 6.3: Multilevel logistic regression of the association between composite perceived
built environment measure (neighbourhood unfavourability) and type 2 diabetes risk
Composite built environment
Neighbourhood unfavourability (Ref: low)
Medium
High

COR

95% CI

AOR

95% CI*

1.23
1.69

1.08, 1.40
1.44, 1.99

1.23
1.62

1.08, 1.42
1.36, 1.94

COR: crude odds ratio; AOR: adjusted odds ratio; CI: confidence intervals; *models adjusted for
demographic, socioeconomic, area disadvantage and remoteness, and family history of diabetes.
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Other variables found to be associated with the odds of developing T2DM in the adjusted
model were age (55–74 years), female gender, being single, poorer households, area
disadvantage, living in major cities, and a family history of T2DM.

Figure 6.2: Marginal probability of diabetes risk by neighbourhood unfavourability and
area disadvantage

6.2.4.3 Assessment of effect modification
Although the interactions terms failed to reach statistical significance, the associations
were in the expected direction among those who reported having footpaths but reported
feeling unsafe due to day (1.36, 95% CI: 0.77, 2.39) and night (1.10, 95% CI: 0.84, 1.44)
crime (Table 6.4). Also, those who reported having recreational facilities but reported
feeling unsafe due to night crime had greater odds. The odds of T2DM was also higher
among those who disagreed to having public transit and recreational facilities but reported
feeling unsafe due to day crime. In the analysis stratified by crime, those who reported
having footpaths as well as feeling unsafe due to crime had higher T2DM odds (Table
6.5). Participants who reported having local amenities had significantly lower odds of
T2DM irrespective of perceived day- and night-time crime.
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6.2.4.4 Assessment of moderated mediation by crime
Table 6.6 presents the estimated indirect effects from the moderated mediation analysis.
The results show that BMI partially mediated the association between local amenities and
T2DM odds irrespective of the perceived day- and night-time crime. The indirect effects
identified were slightly larger among those who perceived unsafe day and night crime.
The indirect effect of local amenities through BMI among those who perceived unsafe
day-time crime was 1.08 (95% CI: 0.98, 1.23) and 1.09 (95% CI: 1.01, 1.23) in wave 2
and wave 3, respectively. This indicates that if all participants who perceived unsafe
neighbourhood day crime reported having no local amenities, the odds of T2DM would
be 9% higher if BMI increased by a one unit (in wave 3). The corresponding odds at wave
2 would be higher by 8%. The proportion of the total effect mediated was 23.3% in wave
2, which increased to 40.8% in wave 3.

Among participants living in areas perceived as safe during the day, the association
between T2DM and access to local amenities was mediated by BMI at 5% through waves
2 and 3. However, the effect in terms of proportion mediated by BMI was greater at wave
3 (30.3% vs. 27.7%). The results also showed that walking partially mediated the local
amenities–T2DM association among those who perceived safe day crime. Specifically, if
all participants living in areas perceived as safe during the day reported having no local
amenities, the odds of T2DM was 1% higher (at both waves 2 and 3) if walking decreased
by a one unit. The proportion mediated was almost the same in both waves (~5.7%).

Similar indirect effects of BMI were observed among participants living in areas
perceived to be safe as well as unsafe from crime during the night. Among those who
perceived night-time crime to be unsafe, the indirect effect of local amenities on T2DM
through BMI was 1.07 (95% CI: 1.04, 1.11) and 1.08 (95% CI: 1.05, 1.12) in wave 2 and
wave 3, respectively. The proportion of the total association mediated was 23.7% at wave
2, which increased to 27.3% in wave 3. Among those who perceived safe night-time
crime, the indirect effect was 1.05 and 1.04 at wave 2 and wave 3, respectively. The
corresponding proportion mediated was 33.5% at wave 2 that increased to 35.1% in wave
3. The indirect effect of sleep, physical activity, and social contact were null or not strong.
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Table 6.4: Multilevel logistic regression of the interaction between perceived crime and other perceived built environment variables on their
association with type 2 diabetes risk #
Variables
AOR 95% CI
Variables
AOR 95% CI
Footpaths*Unsafe day crime
Footpaths*Unsafe night crime
Agree-Agree (ref: Disagree-Disagree) 1.36
0.77, 2.39 Agree-Agree (ref: Disagree-Disagree) 1.10
0.84, 1.44
Disagree-Agree (ref: Agree-Disagree) 0.74
0.42, 1.30 Disagree-Agree (ref: Agree-Disagree) 1.12
0.87, 1.46
Public transit*Unsafe day crime
Public transit*Unsafe night crime
Agree-Agree (ref: Disagree-Disagree) 0.66
0.37, 1.21 Agree-Agree (ref: Disagree-Disagree) 0.90
0.65, 1.24
Disagree-Agree (ref: Agree-Disagree) 1.51
0.83, 2.74 Disagree-Agree (ref: Agree-Disagree) 1.11
0.80, 1.53
Recreation*Unsafe day crime
Recreation*Unsafe night crime
Agree-Agree (ref: Disagree-Disagree) 0.75
0.43, 1.30 Agree-Agree (ref: Disagree-Disagree) 1.18
0.87, 1.62
Disagree-Agree (ref: Agree-Disagree) 1.34
0.77, 2.33 Disagree-Agree (ref: Agree-Disagree) 0.85
0.62, 1.16
Local amenities*Unsafe day crime
Local amenities*Unsafe night crime
Agree-Agree (ref: Disagree-Disagree) 0.98
0.59, 1.65 Agree-Agree (ref: Disagree-Disagree) 0.89
0.69, 1.15
Disagree-Agree (ref: Agree-Disagree) 1.02
0.61, 1.71 Disagree-Agree (ref: Agree-Disagree) 1.12
0.87, 1.46
AOR: adjusted odds ratio; CI: confidence interval; Agree: somewhat agree / strongly agree; Disagree: strongly disagree / somewhat disagree; #models adjusted for demographic,
socioeconomic, area disadvantage and remoteness, and family history of diabetes.

Table 6.5: Multilevel logistics regression of the association between perceived built environment measures and type 2 diabetes risk by perceived
day- and night-time crime #
Variables

Full Model
AOR (95% CI)

Unsafe day crime, AOR (95% CI)
Disagree
Agree

Unsafe night crime, AOR (95% CI)
Disagree
Agree

Footpaths (ref: Disagree)
Agree
1.10 (0.97, 1.26) 1.07 (0.94, 1.23) 1.65 (0.91, 2.99) 1.06 (0.90, 1.24) 1.14 (0.90, 1.46)
Recreation (ref: Disagree)
Agree
0.99 (0.86, 1.14) 1.01 (0.87, 1.17) 0.75 (0.42, 1.34) 0.94 (0.79, 1.11) 1.11 (0.84, 1.46)
Public transit (ref: Disagree)
Agree
1.01 (0.86, 1.19) 1.03 (0.87, 1.22) 0.56 (0.28, 1.10) 1.03 (0.85, 1.25) 0.87 (0.63, 1.19)
Local amenities (ref: Disagree)
Agree
0.82 (0.72, 0.93) 0.82 (0.72, 0.93) 0.81 (0.48, 1.38) 0.85 (0.73, 0.99) 0.74 (0.59, 0.92)
AOR: adjusted odds ratio; Agree: strongly agree / somewhat agree; Disagree: strongly disagree / somewhat disagree, #models adjusted for demographic, socioeconomic, area
disadvantage and remoteness, and family history of diabetes.
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Table 6.6: Causal mediation analysis of the association between perceived access to local amenities and type 2 diabetes incidence by perceived
day- and night-time crime
Variables

Wave 2
AORTE
(95% CI)

AORNDE
(95% CI)

AORNIE
(95% CI)

% Med

Wave 3
AORTE
(95% CI)

AORNDE
(95% CI)

AORNIE
(95% CI)

% Med

Day-time crime rate
Unsafe
Physical activity
1.23 (0.73, 1.97)
1.22 (0.72, 1.96)
1.01 (0.99, 1.12)
1.29 (0.74, 2.13)
1.29 (0.74, 2.12)
1.00 (0.99, 1.05)
Walking
1.27 (0.43, 2.40)
1.27 (0.47, 2.37)
1.00 (0.94, 1.05)
1.28 (0.77, 2.18)
1.29 (0.78, 2.22)
0.99 (0.96, 1.04)
BMI
1.47 (0.86, 2.61)
1.36 (0.79, 2.36)
1.08 (0.98, 1.23)
23.2%
1.25 (0.70, 2.13)
1.15 (0.64, 1.99)
1.09 (1.01, 1.23)
40.8%
Social contact
1.24 (0.73, 2.00)
1.24 (0.73, 2.04)
0.99 (0.96, 1.01)
NA
NA
NA
Sleep
1.31 (0.78, 2.13)
1.31 (0.77, 2.11)
1.00 (0.98, 1.04)
1.41 (0.81, 2.48)
1.41 (0.81, 2.48)
1.00 (0.98, 1.03)
Safe
Physical activity
1.21 (1.06, 1.38)
1.21 (1.07, 1.39)
1.00 (0.99, 1.01)
1.22 (1.07, 1.39)
1.21 (1.06, 1.38)
1.00 (0.99, 1.01)
Walking
1.22 (1.06, 1.40)
1.21 (1.06, 1.39)
1.01 (1.01, 1.02)
5.5%
1.21 (1.05, 1.37)
1.20 (1.04, 1.36)
1.01 (1.01, 1.02)
5.7%
BMI
1.21 (1.06, 1.41)
1.15 (1.01, 1.33)
1.05 (1.04, 1.07)
27.7%
1.18 (1.03, 1.35)
1.13 (0.98, 1.30)
1.05 (1.03, 1.06)
30.3%
Social contact
1.21 (1.07, 1.40)
1.21 (1.06, 1.39)
0.99 (0.99, 1.01)
NA
NA
NA
Sleep
1.22 (1.06, 1.37)
1.22 (1.06, 1.37)
1.00 (0.99, 1.01)
1.22 (1.06, 1.38)
1.22 (1.06, 1.38)
1.00 (0.99, 1.01)
Night-time crime rate
Unsafe
BMI
1.38 (1.09, 1.73)
1.29 (1.02, 1.63)
1.07 (1.04, 1.11)
23.7%
1.38 (1.06, 1.74)
1.27 (0.99, 1.61)
1.08 (1.05, 1.12)
27.3%
Sleep
1.38 (1.09, 1.72)
1.38 (1.09, 1.72)
1.00 (0.99, 1.01)
1.39 (1.11, 1.76)
1.39 (1.10, 1.76)
1.00 (0.99, 1.01)
Safe
BMI
1.16 (1.00, 1.38)
1.11 (0.95, 1.31)
1.05 (1.03, 1.07)
33.5%
1.12 (0.95, 1.29)
1.08 (0.92, 1.25)
1.04 (1.03, 1.06)
35.1%
Sleep
1.16 (0.99, 1.35)
1.16 (0.99, 1.35)
0.99 (0.99, 1.01)
1.17 (1.01, 1.37)
1.17 (1.01, 1.37)
1.00 (0.99, 1.01)
AORTE: adjusted odds ratio (total effect); AORNDE: adjusted odds ratio (natural direct effect); AORNIE: adjusted odds ratio (natural indirect effect); CI: confidence interval;
%Med: Proportion mediated (for dichotomous outcome) = NDE X (NIE-1)/NDEXNIE-1; Bold: p-value<0.05; all models adjusted for demographic, socioeconomic, area
disadvantage and remoteness, and family history of diabetes.
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6.2.5 Discussion
This study investigated the associations between T2DM and clustering of the perceived
unfavourable built environment. The potential moderating role of perceived crime on
associations between T2DM and perceived built environment characteristics, as well as a
range of candidate mediators was tested. The odds of developing T2DM increased with
rising intensity of unfavourable clusters of built environment and area disadvantage.
Regardless of perceived safety from crime, access to local amenities was protective
against T2DM, and BMI partially mediated the association between local amenities and
T2DM. The mediating effect of walking was evident only among participants who
considered their neighbourhoods safe during the day. To the best of the author’s
knowledge, this is the first study that examined the moderating role of perceived crime in
the longitudinal relationship between local amenities, candidate mediators, and T2DM
risk.

The results indicate that the odds of developing T2DM were higher in areas perceived to
have unfavourable built environment. This was suggestive of a possible dose-response
association. The findings indicate the increasing adverse impact of the clustering of
unfavourable environment on T2DM. The finding is in agreement with studies that
reported associations between T2DM and aggregated built environment such as
walkability (Booth et al. 2019; Paquet et al. 2014) and food environment (Sarkar, Webster
& Gallacher 2018). The probability of T2DM also increased with rising area disadvantage
and unfavourable environment. This supports the hypothesis that environmental
conditions in disadvantaged areas often tend to be not supportive of health (Ambrey,
Fleming & Manning 2014; Chong et al. 2013; Dunn, Sharkey & Horel 2012; Hilmers,
Hilmers & Dave 2012). While aggregated measures may limit the identification of the
specific attribute precluding targeted interventions (Dendup et al. 2018; Feng et al. 2010),
such measures may reflect human behaviour and interactions within the environment
more accurately (Meyer et al. 2015). Furthermore, single constructs may not depict the
neighbourhood structure completely. This may partly explain the mixed findings for some
characteristics such as food and physical activity resources that are often assessed
individually and the consistent findings for the walkability index in relation to T2DM in
the literature (Dendup et al. 2018).
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The moderating role of perceived crime for the influence of other environmental features
on T2DM was not statistically significant in this study. A few studies, including one with
a similar study sample and prevalence (Herrick, Yount & Eyler 2016), also did not find a
strong moderation effect of perceived crime and supermarkets on the association between
environment and T2DM and body weight (Hoenink et al. 2019). Although the
associations were not strong, those who reported having footpaths and recreational
facilities but reported feeling unsafe due to crime seemingly had a higher T2DM risk.
Access to local destinations is strongly associated with physical activity in areas with
better safety and infrastructure (Bracy et al. 2014; Cerin et al. 2013). This suggests that a
lack of safety may discourage healthy behaviours like walking despite the availability of
health-enabling resources and having favourable built environment attributes may not
necessarily be accompanied by positive perceptions (Van Dyck et al. 2011; Van Dyck et
al. 2013). Similar to the findings in a study that assessed destination accessibility and
physical activity (Cerin et al. 2018), the results also revealed that access to local amenities
was associated with reduced T2DM risk regardless of perceived area crime.

The results from the moderated mediation analysis showed that BMI partly mediated the
association between local amenities and T2DM risk regardless of perceptions of crime.
This indicates that the lack of access to local amenities increases BMI level, which in turn
increased T2DM risk. The results confirm the findings in previous studies (Auchincloss
et al. 2009; Christine et al. 2015; Polsky et al. 2016) that provide some evidence for BMI
as a mediator in the built environment–T2DM relationship, and also further adds that the
influence of local amenities through BMI may be irrespective of perceptions of safety
from crime. The results also showed that the mediating effect in terms of proportion
mediated increased in wave 3 than the same mediators at wave 2, which reinforces the
mediating role of BMI in the present study. Furthermore, in support of the hypothesis, the
indirect effects identified appeared slightly larger among those who perceived being
unsafe due to crime.

The results also showed a small yet statistically significant mediating effect of walking
for the association between local amenities and T2DM only among those who perceived
safe day crime. Evidence shows that access to local destinations is associated with active
transportation (Cerin et al. 2018; Poortinga 2006; Saelens & Handy 2008). The
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availability of local amenities may also be correlated with higher residential density,
which may not favour cycling, but could motivate other forms of walking such as walking
for transport and recreation (Hirsch et al. 2016). A cross-sectional study also
demonstrated that walking weakly mediated the relationship between metabolic
syndrome and perceived environment characteristics such as land-use mix, aesthetics,
crime, access to services, and barriers to walking (Baldock et al. 2012). Additionally,
having local amenities may reflect a well-designed and well-kept environment that, in
turn, may prevent crime by signalling the need for civilised behaviours. Our finding
suggests that both favourable physical and social environments may be needed to
influence walking, which as a result, can potentially reduce T2DM risk. Individuals
usually go out for outdoor activities, including walking, during the day. This may partly
explain the findings for the moderated mediation effect and the greater proportion
mediated for perceived day-time crime.

Sleep, total physical activity, and social interaction did not emerge to be mediators in the
present study. Better measures such as objectively assessed physical activity (Carroll et
al. 2017) and social cohesion and isolation, whose effect may be accrued over time to
impact health, may help better explain the mechanism. The evidence on physical activity
as a mediator of the association between neighbourhood environment and
cardiometabolic health is also mixed (Baldock et al. 2012). Besides, the results suggest
that local amenities may be more important in influencing walking than higher-intensity
physical activity. This aligns with findings in a previous study (McCormack, Giles-Corti
& Bulsara 2008). Sleep may be a more important mediator for other environment
characteristics, such as greenspace (Astell-Burt & Feng 2020; Astell-Burt, Feng & Kolt
2013) and noise and residential traffic (Halperin 2014). Future studies may consider
investigating these environmental characteristics and candidate mediators.

6.2.5.1 Strengths and limitations
The strength includes the longitudinal design and the low probability that residential selfselection could have confounded the findings in this sample data (Dendup, Astell-Burt &
Feng 2019). Furthermore, since the exposure preceded the outcome in this study and also
that the mediated effect increased over time, suggesting an amplified exposure-outcome
effect via the mediators, reverse causality is less likely to be a problem in this study. The
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mediation analysis macro used has also been shown to yield estimates with low bias and
high efficiency (Rijnhart et al. 2019). These lend stronger support for a causal influence
of the built environment on T2DM.

There are also some limitations to this study. All measures used were self-reported, which
introduces the possibility of recall and social desirability bias. Measurement errors of
mediators can attenuate the mediated effect and overestimate the direct effect
(VanderWeele 2016). Data on self-reported T2DM in the 45 and Up Study nonetheless
had high sensitivity and specificity (Comino et al. 2013), and height and weight measures
were also highly correlated with measured anthropometrics (Ng et al. 2011). Moreover,
perception-based measures of the environment could be more related to behaviour than
objective measures (Caspi, Sorensen, et al. 2012), and just having physical resources may
not be enough to improve behaviour and health (Boone-Heinonen, Gordon-Larsen, Kiefe,
et al. 2011; Christine et al. 2015). Although the analysis adjusted for several confounders,
the potential threat of unmeasured confounders that can bias the results cannot be
precluded. The low baseline response rate and the study sample raises concerns about the
generalisability even though the results from the 45 and Up Study were comparable with
that of the New South Wales Population Health Survey (Mealing et al. 2010).

6.2.6 Summary of findings
The results showed that people aged 45 years and older who perceived greater
unfavourable neighbourhood environments had a higher risk of developing T2DM, which
was amplified with increasing clustering of unfavourable environment and area
disadvantage. Notwithstanding area crime, perceived access to local amenities was
protective against T2DM, and BMI partly mediated this association. Additionally,
walking partially mediated the association between local amenities and T2DM among
those who perceived their area safe in relation to day crime. The findings suggest that
policies aimed to enhance access to local amenities, and prevent crime may support
healthy behaviour and improve physical health that, in turn, can potentially reduce the
risk of developing T2DM. Strategies intended to reduce the clustering of environment
features that are not health-promoting, especially in disadvantaged areas, may be costeffective.
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Chapter Seven: Discussion and Conclusions
7.1 Chapter overview
This chapter restates the research objectives of this thesis briefly and presents an overall
discussion of the major findings from the three empirical studies previously described.
There is also a discussion of study limitations and recommendations for future research
that could contribute to a clearer and more in-depth understanding of the neighbourhood
built environment–T2DM relationship. This is followed by an examination regarding how
the content of this thesis has policy applications to urban neighbourhood environmental
design for the prevention of T2DM and related health outcomes. Finally, the chapter
concludes with a summary of the key findings.

Using a large longitudinal dataset, this research examined the influence of perceived
characteristics of the residential built environment, the potential effect modifiers, and the
candidate mediating variables, in relation to the risk of developing T2DM. Overall, this
thesis corroborates the results from previous works which suggest that certain built
environment characteristics increase or decrease the risk of developing T2DM and related
health outcomes (Astell-Burt, Feng & Kolt 2014; Booth et al. 2013; Christine et al. 2015;
Diez Roux & Mair 2010; Müller-Riemenschneider et al. 2013; Paquet et al. 2014).

This thesis made original contributions in enhancing the scientific knowledge on the
complex relationship between T2DM and neighbourhood built environment by
addressing some important gaps in the existing literature. Briefly, these include: the
examination of multiple environmental characteristics and confounding by residential
self-selection using longitudinal data, the identification of candidate mediators using
causal mediation analysis, and testing potential moderation of environmental factors.
These provide a better and comprehensive picture of the impact of, and the intertwined
relationship between, the residential built environment and T2DM. The findings have
several policy implications for those seeking to improve population health by changing
the features of the residential built environment. The findings are discussed in the
subsequent sections of this chapter.
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7.2 Summary of the key findings
7.2.1 Association between perceived built environment and T2DM
The association between perceived characteristics of the built environment and T2DM
risk was investigated in the fourth chapter, with a focus on exploring whether the
associations were confounded by residential self-selection. The results confirmed the
hypothesis that perceived access to local amenities and day- and night-time crime are
associated with the odds of developing T2DM. Specifically, those who perceived that
there were no local amenities in their neighbourhood had higher odds of developing
T2DM, and those who perceived that day- and night-time neighbourhood crime rates
made walking unsafe had higher odds. This study examined the influence of access to
public transit and perceptions of crime specified by day and night in relation to T2DM
risk that have not been explored in previous studies. Furthermore, earlier studies are
limited by the cross-sectional design and prone to residential self-selection bias, an
important methodological issue that is rarely investigated. The associations identified
persisted even after accounting for some markers of residential self-selection. The
findings provided stronger support for causality for the associations identified in this
study that may be of policy relevance.

Unexpectedly, the study in Chapter 4 also found that the association for perceived access
to footpaths was in the counterintuitive direction. Safer roads, such as those in regional
and remote areas, that can support physical activity may be a possible explanation for this
finding. The association for footpaths was not statistically significant when the analysis
was restricted to the major cities sample only. Furthermore, the influence of the other
characteristics, such as recreational facilities and public transit, was not strong in this
study, suggesting that these characteristics may not be important predictors of T2DM in
this study sample. A majority (~72%) of the participants reported having public transit
within walking distance, and this might have attenuated the association. Besides, the
question in the 45 and Up Study assessed the availability of just one public transit stop in
the neighbourhood. It is plausible that density, rather than just closeness to public transit,
might exert a stronger influence since higher density may indicate availability of more
and/or better public transport services and options. Thus, having more public transit stops
in the neighbourhood may increase the likelihood of walking to these stops increasing
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physical activity levels and consequently reducing the risk of T2DM (Sallis et al. 2016).

This study also found that the modifying role of gender, duration of residence, and area
disadvantage was not statistically detectible. However, small differences by gender and
duration lived in the same residence were observed. The associations emerged slightly
stronger among males who reported unsafe night-crime, among females who reported a
lack of access to local amenities, and among those who lived in the same residence for a
longer period but reported feeling unsafe due to day crime. This partly supports the
hypothesis that the effect of the built environment may not be equal for all individuals
and may differ by certain sociodemographic characteristics.

7.2.2 Potential mediating pathways
While several studies have explored the association between T2DM and the built
environment, the pathways underlying such a relationship remain less clear and are not
investigated adequately. Evidence suggests associations between the built environment
and the hypothesised mediators, such as physical activity (Renalds, Smith & Hale 2010;
Smith et al. 2017), mental health (Evans 2003; Renalds, Smith & Hale 2010), and obesity
that are well-known risk factors of T2DM. Building upon the findings in Chapter 4, the
study in Chapter 5 examined the potential role of several candidate mediators of the
association between the perceived built environment and T2DM.

The results affirmed that built environment characteristics, particularly perceived local
amenities and crime, heightened an individual’s risk of developing T2DM via increasing
BMI and psychological distress and reducing physical activity levels. Specifically, lack
of access to local amenities and the perceived day-time crime increased the BMI and
reduced physical activity (including walking), which in turn increased the odds of
developing T2DM. Living in areas perceived to be unsafe from both day- and night-time
crime increased psychological distress, which in turn heightened T2DM risk. Perceived
lack of safety due to night-time crime also increased T2DM risk via increasing BMI
levels. The results are in line with findings from other studies (Carroll et al. 2017;
Christine et al. 2015; Gebreab et al. 2017; Sarkar, Webster & Gallacher 2018) and support
the hypothesis that certain physical, behavioural and mental health factors mediate the
association between the built environment and T2DM.
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Interestingly, the mediating role of some of the mediators at wave 3, including walking,
BMI, and psychological distress, appeared stronger compared to the same mediators in
wave 2. This potentially implies that the effect of the environment on the mediators
accumulated over time and also suggests environmental exposure prior to wave 2. The
finding aligns with life course epidemiology theories that posit that health effects may be
the outcome of the accumulation of the risk over time (Kuh et al. 2003). Furthermore, the
results of this study also demonstrate that BMI exhibited the greatest proportion of the
total effect mediated for both local amenities and crime perceptions. BMI is more
proximal to T2DM in the mechanistic pathway, and therefore could have accounted for
other mediating factors not examined in this study, such as less healthy diet and
behaviours, and social isolation.

The existing literature strongly supports the notion that the different built environment
characteristics influence an individual’s propensity to engage in different forms of
physical activity (Renalds, Smith & Hale 2010; Smith et al. 2017). The potential
mediating role of self-reported physical activity, including walking, of the association
between T2DM and perceived day crime and local amenities found in this study confirms
this data. On the contrary, objectively measured physical activity — but not the subjective
measure of physical activity — was shown to mediate the association between
environment and BMI (Siceloff, Coulon & Wilson 2014). The potential mediating role of
physical activity on the association between neighbourhood environment and cardiometabolic health was also found to be inconsistent (Baldock et al. 2012). The use of both
subjective and objective measures of the candidate mediators may help better elucidate
the mechanisms. Likewise, despite the previous finding of an association between the
built environment and sedentary behaviour (O’Donoghue et al. 2016), social capital
(Mazumdar et al. 2018; Renalds, Smith & Hale 2010), and sleep (Hill et al. 2016), the
role of these potential mediators was not evident in this study. The direct effect even for
those significant mediation effects identified remained statistically robust, suggesting the
effect of other potential mediators not examined in this study. Other alternative specific
pathways that may exist needs to be tested in future studies.

7.2.3 Moderation effect of day and night crime
In the final study of Chapter 6, the interplay between perceived crime, local amenities,
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the potential mediators, and T2DM was examined. This study expanded the previous
findings by testing the potential interaction between perceived crime and other perceived
built environment characteristics, followed by testing moderated mediation models for
local amenities–T2DM pathways.

Although not statistically detectible, the results showed higher odds of developing T2DM
among those who reported having neighbourhood footpaths and recreational facilities but
also reported feeling unsafe due to crime. In the moderated mediation analysis stratified
by crime, perceived lack of access to local amenities increased BMI, which in turn
increased the odds of developing T2DM irrespective of neighbourhood crime. The results
also indicated that walking mediated the local amenities–T2DM association but only
among those who perceived safe day-time crime. This possibly suggests that having
amenities in the neighbourhood may be protective against T2DM but conditional on daytime safety from neighbourhood crime. The results also imply that local amenities may
be more important in influencing recreational walking than higher-intensity physical
activity. Although the indirect effects were statistically robust among those who
perceived their neighbourhood to be safe from crime, the larger indirect effect among
those who perceived their neighbourhood to be unsafe due to crime partly supports the
hypothesis that the impact of the unfavourable built environment on T2DM would likely
be compounded among individuals living in areas perceived to be unsafe.

The investigation of the moderating role of perceived crime on the environment–T2DM
pathways is the first of its kind. Thus, the finding that the effect of local amenities on
T2DM through the mediators is regardless of crime perceptions is another core
contribution of this thesis. It further adds to the existing literature and provides a strong
basis for the investigation of similar hypotheses on possible conditional effects of built
environment factors and of residents’ perceptions of these factors in future studies.

7.2.4 Clustering effect of unfavourable neighbourhood built environment
In addition to exploring the potential moderated mediation effect, the final study also
examined the effect of the clustering of unfavourable perceived residential built
environment characteristics and also the effect of unfavourable environment clusters as
well as area disadvantage on the odds of incident T2DM. The results revealed that the
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odds of developing T2DM increased with increasing clusters of unfavourable perceived
environmental conditions suggesting a plausible dose-repose relationship. The odds of
developing T2DM also increased with rising unfavourable environmental conditions and
area disadvantage, with the greatest odds among those living in areas with the highest
disadvantage and unfavourable environmental conditions. The findings corroborate
existing research and substantiate the theory that disadvantaged neighbourhoods would
have more health-damaging resources (Chong et al. 2013; Ross & Mirowsky 2001; Zenk
et al. 2005). Individuals living in disadvantaged areas might be exposed to more adverse
environmental conditions, such as noise and air pollution, and more frequent and more
serious crime incidents, any and all of which could adversely impact mental and physical
health (Braubach & Fairburn 2010).

7.3 Strengths and limitations
7.3.1 Strengths
This thesis addresses several gaps in the literature of the built environment and T2DM.
First, this research employed a large longitudinal data from residentially stable
participants that enabled temporal precedence of the exposure (perceived built
environment characteristics) over the outcome (T2DM), a key criterion for inferring
causation (though not sufficient on its own). Secondly, some self-selection factors known
to influence both the risk of T2DM and the type of neighbourhood people choose to live
in were also accounted for using the best available data in the statistical analysis. Selfselection bias can potentially induce or inflate the associations when there is actually none
(Mokhtarian & Cao 2008). The findings showed that residential self-selection was less
likely to have influenced associations established in this study population, providing
stronger support for causal inference. Although the findings may be subject to other
limitations of observational studies, such as bias from selection and loss to follow-up, a
recent report suggests that both cross-sectional and quasi-experimental studies equally
supported the recommendations that a combination of built environment interventions
enhanced active living (The Community Guide 2016). Additionally, the random sampling
of the 45 and Up Study participants, the use of validated tools/questions to assess built
environment exposure and other characteristics, and the rigorous statistical approach
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applied lend to the validity of the associations identified in this thesis.

The emerging literature on neighbourhood environmental influences of T2DM is
dominated by the examination of single built environment measures and/or
characteristics. Examining a single environmental attribute may be misleading, as the
influence of one attribute can be over- or under-estimated contingent on what other related
attributes are not accounted for. This thesis tested the potential influence of six perceived
built environment characteristics that allowed the clarification of the role of each built
environment on T2DM risk by accounting for the potential confounding effect of one on
the other. Identification of the most important built environment characteristics can help
develop targeted cost-effective interventions that can yield optimal public health gains.
Moreover, the use of multilevel analyses enabled the separation of the individual effect
from the neighbourhood/area effect on T2DM and examined between area variations in
the risk of T2DM in this study. Similarly, area-level confounders such as area-level
socioeconomic measure and remoteness/urbanity were also adjusted in the analysis. This
allowed further elucidation on whether the effect of the built environment established
reflects that of the other area-level factors such as area socioeconomic status and urbanity
or that of the actual built environment effect.

Furthermore, much of the current studies that examined potential mediation only assessed
a few candidate mediators. Many used the traditional approach of assessing mediation by
adjusting for the candidate mediators in the final exposure-outcome models. The
limitations concerning the traditional approach are widely acknowledged (MacKinnon,
Fairchild & Fritz 2007; VanderWeele 2016; Zhao, Lynch Jr & Chen 2010) and have been
discussed in previous chapters 3 and 5. This thesis tested a range of candidate mediators,
including those not tested previously, in a regression-based causal mediation analysis
approach that uses bootstrapping that is shown to produce robust estimates. The findings
that some behavioural, physical, and mental health factors partially mediated the
associations between built environment and T2DM not only gives more credibility to the
underlying theoretical framework but also provides support to causal inference (Schwartz
et al. 2016).
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Besides, the effect of the interplay between health enhancing and threatening
environmental features that may be combined or act individually is rarely investigated.
The potential moderating role of perceptions of crime on the association between local
amenities and T2DM incidence was explored in this thesis. Finally, to further disentangle
the complex relationship between the residential built environment characteristics and
T2DM risk, this thesis also tested the potential moderating role of perceived crime on the
mediation of local amenities–T2DM association using moderated mediation models.

7.3.2 Limitations
Despite these strengths, there are some limitations to this research. First, all the measures,
including both the exposure (although doctor-diagnosed) and outcome variables were
self-reported. This means that these measures are prone to recall and social-desirability
bias that can potentially bias the associations towards the null. For instance, individuals
from higher socioeconomic backgrounds may be more likely to respond than persons
from lower socioeconomic backgrounds. On the other hand, the use of self-reported
measures for both outcome and exposure can result in same-source bias that may
plausibly induce or exaggerate the associations identified. Nonetheless, self-reported
measures of the outcome (Comino et al. 2013) and some of the candidate mediating
variables (Brown et al. 2008; Ng et al. 2011) were found to be valid and reliable. In
addition, the reduction in the association attributable to recall and social desirability bias
may partly offset the association potentially induced by same-source bias.

Another limitation of this thesis is that the exposure measures used solely focused on the
residential or home neighbourhood, built environment. Individuals may spend a
considerable amount of time in other places, including their workplaces (Perchoux et al.
2013), and the workplace environment can also present opportunities for healthy
behaviours. For instance, environmental interventions at the workplace, such as menu
planning, food presentation, improving access to healthy food choices, and the promotion
of the use of staircases, active transportation to work and flexible work schedules that
permit the employees to exercise during the workday, may increase physical activity and
healthy dietary intake (Bandoni, Sarno & Jaime 2011; Chau 2009). Nevertheless, the
home neighbourhood environment is a very relevant context and may sometimes be more
strongly associated with health than the work environment (Coulombe et al. 2017).
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One assumption necessary to provide a causal interpretation in observational studies is
the “well-defined intervention” assumption (Schwartz et al. 2016). It necessitates that
exposures should be factors that can be thought of as treatments in randomised
intervention studies, and is closely related to the Stable Unit Treatment Value Assumption
(SUTVA) (Schwartz, Gatto & Campbell 2012; VanderWeele 2008). SUTVA requires
that there are no variations in treatment or exposure, and that the likely outcome of a unit
is not affected by the specific treatment/exposure of other units. Because upstream
environmental contexts also include norms, social structures, and interactions between
individuals, it is difficult to meet the SUTVA assumption in studies investigating
neighbourhood environment. This thesis used a residentially stable sample, and the
environmental exposures examined in this study may be less likely to have changed
significantly within the short study period. The analysis in Chapter 4 among those who
lived in the same residence for a longer duration (>5 years) showed results similar to those
in the full sample. It is, therefore, reasonable to assume that variation in environmental
exposure may be negligible, if any. Besides, unlike for some other environmental
attributes such as physical activity facilities that might necessitate visiting other
neighbourhoods, individuals may be more likely to use local amenities (shops, stores, and
markets) and better relate to crime experience within their neighbourhood. These provide
some support to the assumption of no variations in treatment, i.e. variations in
environmental exposures in this study.

It is also conceivable that the effect of exposure to local amenities may be dependent on
their proximity to homes and the importance of the type and number of amenities
available that may influence utilisation even among individuals of the same
neighbourhood. For example, individuals may visit adjacent neighbourhoods having
different and more amenities if such resources are limited in their area. This, in turn, may
have a different effect on the outcome and breach the non-interference of treatment
assumption of SUTVA. This could have potentially reduced the strength of associations
identified to some degree in this thesis. The data structure in such instances is also not
hierarchical, and other approaches such as that of cross-classified models may help
account for the non-hierarchical data structure precisely (Dunn et al. 2015).

The well-defined intervention requirement has also been nonetheless discussed to have
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more affinity to interventions that are less social and upstream (e.g., neighbourhoods),
and move epidemiology away from defining and unveiling public health problems that
require attention (Schwartz et al. 2016). In addition to its ability to analyse longer-term
impacts of interventions, agent-based models permit the examination of human
interactions and also model social norms and characteristics which cannot be adequately
included in the conventional statistical analysis (Oakes 2008). Agent-based models are
computer simulations that model how agents interact to cause group-level events.

The imbalance in the distribution of both measured and unmeasured independent
variables between those exposed and unexposed may violate the exchangeability
assumption and can influence the internal validity of a study. Internal validity is the
degree to which the observed findings represent the reality in the population being
studied. Non-exchangeability occurs when the effect among those unexposed is different
from what would have occurred among those exposed in the absence of exposure, and
randomisation can help overcome this (Hernán 2004). Furthermore, the mean follow-up
of the study sample used in this thesis was around five years. Since cardio-metabolic
outcomes take time to develop, longer periods are considered to be useful for examining
cardio-metabolic outcomes. For instance, it might take decades for the neighbourhood
environment’s influence on physical activity to impact BMI and the subsequent risk of
developing diabetes. The longer period also allows for multiple collection of exposure,
including change in exposure and related data over many time points. Individuals might
change their neighbourhood based on their preferences such as for a similar
neighbourhood in which the person was brought up, and their formative experiences of
behaviour such as to be physically active. However, the attrition or loss to follow up may
be higher among studies with a longer time period, which can potentially bias the
estimates (Kristman, Manno & Cote 2004). Potential selection bias from loss to follow
up can influence exchangeability between the exposed and unexposed groups, and also
affect the validity of the study.

In this thesis, around 29% of the participants at wave 2 were lost to follow up at wave 3.
These individuals were more likely to be males, older, and from low socioeconomic
backgrounds and disadvantaged areas (Chapter 3, Table 3.1). Some differences in the
built environment perceptions between those included and lost to follow up were also
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observed. Missing data can lead to a loss of statistical power and biased parameter
estimates that can seriously compromise inferences (Sterne et al. 2009). Missing data is
usually categorised based on the mechanisms causing missing data (Sterne et al. 2009;
Vittinghoff et al. 2011). When there are no systematic differences between the missing
and observed values, the data is referred to as missing completely at random (MCAR),
and when this difference is explained by the difference in the observed data, it is referred
to as the missing at random (MAR). The data is said to be missing not at random (MNAR)
if the missingness depends on the missing data, and this dependency persists even given
the observed data. Another category, the covariate-dependent missing completely at
random (CD-MCAR) is when the missingness depends on the predictors/covariates of the
model but not on other outcomes (Vittinghoff et al. 2011). Table 3.1 suggests that data is
not MCAR.

Imputing missing observations with possible values based on the attributes of nonmissing data provides alternatives to removing missing data in the analysis. Some
imputation techniques, such as that of mean and regression imputation that fills in value
for each missing observations, do not incorporate error variance of these imputations
(Lodder 2013). Multiple imputation procedure is an attractive approach to handle missing
data to obtain approximate unbiased estimates. It creates several different imputed
datasets by using appropriate models and then combines the output in each dataset to
account for uncertainty related to missing data (Jakobsen et al. 2017; Sterne et al. 2009).
Since multiple imputation retains the whole sample size and helps to obtain better
estimates of the distribution of the underlying data, the power of the study is not affected.
However, since the imputed values are predicted, they only represent a proxy for the real
values, and thus are prone to bias from measurement error. They also introduce
uncertainty beyond the sampling variation to the model that needs to be considered when
estimating the variance (Mittag 2013). Furthermore, problems concerning the probability
of omitting the outcome variable that carries information about missing values of the
predictors, handling of binary and categorical missing data, and the difficulty to make the
MAR assumption are some drawbacks of multiple imputation (Sterne et al. 2009). The
intensive computation involved and the likely unforeseen difficulties during the process
may also limit its use (Sterne et al. 2009).
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Other approaches to handle missing data that uses the MAR assumption include the
inverse probability weighting (IPW) and maximum likelihood estimation. In IPW,
complete cases are weighted by the inverse of their probability of being a complete case.
The potential of generating unstable estimates and the loss of efficiency due to the large
inverse weights from the small probability of a measured value, and the difficulty in
understanding the possible model of missingness are some limitations that compel the
building of a model with complete data (Vittinghoff et al. 2011), whereas the maximum
likelihood technique does not produce standard errors of the estimates automatically
which may be problematic for studies testing hypotheses (Lodder 2013).

The missing data in this thesis mainly pertains to the dependent variable (occurrence of
T2DM) at follow up wave 3. When the data is CD-MCAR and the covariate predictors
are included in the model, any approach of analysis may yield unbiased estimates
(Vittinghoff et al. 2011). Complete case analysis may be the preferred option to handle
missing data when only the outcome variable has missing values, and auxiliary variables
are not identified (Jakobsen et al. 2017). Variables within the original dataset associated
with the variables of interest and/or related to its missingness but are not included in the
analysis are auxiliary variables (Jakobsen et al. 2017).

Despite the differences in demographic and socioeconomic characteristics between those
included and lost to follow up, the analysis in Chapter 4 revealed that identified
associations between built environment and T2DM remained statistically significant after
adjusting for age, gender, household income, area disadvantage, area remoteness, and
built environment factors. The associations also persisted even after accounting for
changes in household income, working and marital status, and movement across area
socioeconomic status, which were analysed as markers of residential self-selection.
Moreover, the interaction and stratified analysis in Chapter 4 showed that the influence
of the built environment on T2DM was in the similar direction across strata of other
socioeconomic factors such as gender, urban residence, area disadvantage, and duration
of residence. Likewise, the associations between other perceived built environment
features and T2DM were in the similar direction in the analyses stratified by perceived
crime (Chapter 6). These suggest that the findings are less likely to have been confounded
by characteristics’ differences and may be applicable to the wider population.
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Nonetheless, the influence of unmeasured and mismeasured confounders cannot be ruled
out in this study.

The finding of association in this relatively high income sample also indicates that these
associations could be even stronger, and the factors might be equally important in settings
with lower socioeconomic conditions, including in the general population. This is partly
supported by the results in Chapter 6 (Figure 6.2), which revealed that the odds of
developing T2DM increased with rising area disadvantage and unfavourable
environmental conditions. The analysis in Chapter 4 (Table 4.2) also showed that the odds
of T2DM were higher among males, urban residents, and those from low-income
households and high area disadvantage.

Owing to the non-availability of information, no objective measures of the residential
built environment were examined in this thesis. Thus, the evidence in this study does not
indicate whether perceived or objective measures are more important in determining
T2DM risk in this study population. As discussed in the introduction, Chapter 1,
perceptions of the built environment may also mediate or moderate the association
between some objective built environment characteristics and T2DM (Richardson et al.
2017; Van Dyck et al. 2013). Additionally, the findings in this study may not be of direct
policy relevance in terms of putting evidence into practice. For instance, the findings do
not say the quantity of environmental exposure at which T2DM can be potentially
prevented. Nevertheless, as contended in Chapter 1, perceived measures can also exhibit
an effect that is distinct from that of objective measures and also capture the quality
aspects of the built environment that can potentially influence utilisation. An individual’s
sense of satisfaction/happiness, characteristics, aspirations, intentions, and their
emotional experiences that can impact health and well-being can also intertwine with the
way they perceive the built environment. Besides, the analysis in this thesis could not
examine the role of climatic conditions and past experiences of neighbourhood
environmental exposures. For instance, climatic conditions may influence decisions to go
out for walking or exercise.

Currently, there appears to be no consensus on how to operationalise neighbourhood, and
the spatial scale of the neighbourhood may depend on the phenomenon of interest. The
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role of the modifiable areal unit problem (MAUP) in studying place and health is well
recognised, i.e. that smaller areas may give more significant results than larger ones
(Flowerdew, Manley & Sabel 2008; Schuurman et al. 2007). The MAUP can potentially
generate different magnitudes of associations when different spatial aggregated units are
used to measure the exposure of interest (Flowerdew, Manley & Sabel 2008). For
example, the association between crime and physical activity was found stronger at a
small geographic scale, whereas the association was weaker when a larger scale was used
(Astell-Burt, Feng & Kolt 2015). Similarly, the findings in this thesis could have been
influenced by the Uncertain Geographic Context Problem (UGCoP). The possibility that
the results may be affected by how neighbourhoods or residential areas are spatially
delimited and the degree to which these spatial units diverge from the actual context is
referred to as the UGCoP (Kwan 2012a). The UGCoP arises from the spatial-temporal
uncertainty in terms of true contextual areas and the timing and duration of contextual
influences (Kwan 2012a; Kwan 2012b). The environmental indicators examined in this
thesis were measured at the individual level. Since the questions specifically asked about
the built environment features in one’s neighbourhood, the perceived measures may
represent a cognitive spatial scale. Thus, the spatial unit used (Local Government Area
Level) may not have precisely estimated the spatial variation. The findings from the
multilevel analysis nevertheless showed geographical variation in the odds of developing
T2DM, suggesting even greater variations if a smaller spatial scale was used.

Although some area-level factors such as area disadvantage and rural-urban residence
were investigated in the analysis, multilevel models cannot account for other potential
unobserved differences between higher-level units (Diez-Roux 2000). Other limitations
of multilevel modelling include difficulty in specifying and distinguishing relevant
individual- and group-level characteristics, and its inability to examine the relationship
between individual- and group-level independent variables. The complexity of multilevel
modelling that makes model assumptions difficult as well as the need for larger datasets
and an adequate number of higher-level units are also some drawbacks (Diez-Roux 2000).
The studies in this thesis are based on a strong theoretical background and a systematic
literature review (Chapter 2) that enabled the specification of potential contextual- and
individual-level factors. Also, the thesis used a large sample size that had enough
statistical area units to examine possible variations in the risk of developing T2DM.
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Neighbourhood environment characteristics may reflect distal causal factors for T2DM
rather than may other behavioural and health factors. This may partly explain the small
magnitude of the associations found in this thesis. However, owing to their
ubiquitousness, environmental characteristics can impact a large number of the
population often over a long period and are thus of considerable public health importance.
The small magnitude of associations reported in each of the studies of this thesis also
prompts the need to examine additional variables and smaller populations to more
accurately express the relationship between T2DM, the potential mediators, and the built
environment. Regarding the mediation analysis, it could be that the potential candidate
mediators may influence each other in predicting the risk of developing T2DM. Complex
mediation models such as that of parallel and serial mediation were not examined in this
thesis since the macro used did not allow for testing such models.

Finally, the low response rate of the primary study, i.e. the 45 and Up Study (~18%), and
the recruitment of participants ≥45 years of age precludes the generalisability of the
associations emanating from this thesis. The results from the 45 and Up Study were,
nonetheless, found to be comparable with those of the New South Wales Population
Health Survey that had a comparatively higher response rate (60%). Moreover, T2DM is
more common among older populations than younger adults and children; hence the
findings are still of relevance and of use to inform policy interventions. A point that is
worthy of note is that the generalisability of the findings may not be of paramount
importance in epidemiological studies, including the ones in this thesis that are aimed to
examine causal associations (Rothman, Gallacher & Hatch 2013).

7.4 Future research recommendations
Despite the limitations, this thesis provides justification for further investigations of built
environment health effects in order to develop more in-depth knowledge. More
longitudinal studies exploring the association between change in built environment
characteristics and T2DM, including those rarely investigated and involving better
measures of the outcome and the exposures, are needed to fully comprehend the factors
at play. The use of more recent data with longer follow-up periods and repeated measures
of the built environment characteristics reflecting changes in environmental exposure can
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help corroborate the findings in this thesis. Future studies will also benefit from
accounting for more precise information on self-selection, such as that of an individual’s
neighbourhood attitudes and preferences.

Additionally, the use of both objective and subjective built environment measures can
help examine whether perceived measures are stronger predictors and whether they
mediate or moderate the associations between more objective built environment
characteristics and T2DM. Future work may consider examining how much change in the
environment and/or the quantity is necessary to impact the risk of developing T2DM,
which currently is less known. Similarly, identifying the specific type of neighbourhood
built environment characteristics (such as the type of local amenities) in relation to their
influence on T2DM may be of direct policy relevance. Studies also need to assess the
reliability and validity of the current approaches used to measure the built environment
and develop new psychometrically sound tools to assess the different built environment
characteristics. An important area of investigation is the examination of the built
environment features at the workplace in relation to T2DM risk and exploring the likely
differences in health impact between work and the home environments.

More research is required to understand better the underlying pathways between the built
environment and T2DM, and examine whether the pathways differ by the stratum of
sociodemographic and other environmental characteristics. Other potential candidate
mediators not examined in this thesis such as diet and social isolation, including how each
hypothesised mediator influences the other in more complex mediation models (serial or
parallel mediation), need to be investigated. Doing so can help disentangle the intricate
links between the built environment and T2DM and help identify populations in which
the built environment interventions may be most effective.

Studies evaluating the implementation of existing built environment policies could
provide stronger evidence that can be relevant and practical to professionals involved in
urban and community planning. Identification of combinations of built environment
features that can have a greater impact on T2DM and related health outcomes can also
aid in the design of neighbourhoods. More studies that evaluate the influence of the built
environment on T2DM among different populations, including racial and ethnic
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minorities, disadvantaged populations, and those from developing countries, are needed.
These may not only enable the design of health-enhancing neighbourhood environments
but also of equitable distribution of such resources.

7.5 Policy implications
The findings from this thesis provide some new and stronger evidence on the influence
of the neighbourhood built environment on T2DM prevention. The results will be of
interest and relevance with several implications for policymakers in different associated
agencies such as public health, landscape development, urban and transport planning,
environment protection, and crime prevention. Overall, the results from this research
support the need to consider wider policy approaches at the environmental-level that can
enable individuals to adopt and maintain healthy behaviours and improve mental wellbeing, which in turn can potentially reduce the risk of developing T2DM and other
chronic conditions. The findings may be relevant to countries or groups with similar
cultures and socioeconomic and health conditions. Low- and middle-income countries
are also likely to lack well-developed local built environment structures and have higher
rates of crime and non-communicable diseases.

The finding that having local amenities and services in the neighbourhood is associated
with decreased risk of developing T2DM (even in areas deemed to have low crime rates)
is noteworthy. This can be beneficial for urban and community planners, and handy in
informing policies such as in building a strong case for investments aimed to have local
amenities and services within walking distance from home. The evidence from this thesis
which suggests that access to local amenities influences physical activity and walking
that, in turn, reduced diabetes risk is important not just from the perspective of policies
to enhance liveability and health, but also of those to tackle automobile dependency and
air pollution.

Built environment policies such as improving access to local amenities and services and
those aimed to enhance walkability may encourage individuals to walk and/or bike to
these destinations and, as a result, can potentially decrease the use of cars and fuel
consumption. This, in turn, can help reduce carbon emissions, yielding the co-benefits of
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mitigating the detrimental impacts of climate change, improving respiratory and cardiometabolic health, and reducing motor vehicle related injuries and deaths (Prior et al. 2018;
Xia et al. 2013; Younger et al. 2008). Individuals who walk to these destinations may also
accrue mental health benefits through increased social interaction from visiting local
places (Cohen, Inagami & Finch 2008). Moreover, economic benefits can be acquired
through the reduction in fossil fuel use, air pollution control, and reduction in morbidity
and mortality associated with physical inactivity and motor vehicle use (Xia et al. 2013).
The findings can be useful in developing mixed-land use and compact neighbourhood
policies, which in turn may also help reduce greenhouse gas emission associated with
deforestation, and health and environmental impacts related to urban sprawling in
addition to its effect on physical activity and associated health outcomes (Younger et al.
2008).

The results highlight that crime can potentially influence behavioural and mental health
that, in turn, increases the risk of developing T2DM. This presents a basis for public
health practitioners to foster collaboration with urban planners, and crime prevention and
social agencies in building safe communities and improving population health. It can
support policies for increased resources to ensure a safe society through the reduction in
crime by highlighting the co-benefits of preventing crime. In other words, it helps to
improve the community and social well-being, including physical and mental health.
Interventions such as those of improving street lighting, removing graffiti, and conducting
communication programs informing the residents about the availability of amenities and
opportunities that the neighbourhood environment provides may improve the resident’s
environmental perceptions (Van Dyck et al. 2011). Increasing awareness on health
promoting built environment policies and resources in addition to improving physical
features and ensuring that these are safe and user friendly may help enhance perceptions
of the built environment.

The findings also support the need to address overweight/obesity and mental health
through built environment interventions in order to lower the burden of T2DM in this
population. This can be important given the tremendous burden of obesity and mental illhealth worldwide, including in Australia. Additionally, there is strong evidence implying
that different built environment characteristics are associated with higher BMI and poor
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mental health conditions (Black & Macinko 2008; Gong et al. 2016; Papas et al. 2007).
This suggests that creating and/or improving the residential built environment
characteristics can potentially address the growing burden of T2DM as well as other
important modern public health issues such as obesity and poor mental health.

The results from this thesis suggest that individuals living in the most disadvantaged areas
with the greatest clusters of unfavourable environmental conditions have the highest odds
of developing T2DM. This can be useful in addressing inequities in the distribution and
access to resources in the communities that promote healthy living. Given the broad reach
and impact of the environment, these findings can also be used to advocate for greater
attention to, and investments in, prevention of T2DM and related outcomes, that may help
reduce the huge cost associated with treatment and management. Advocacy programs can
go beyond health sectors to urban development agencies, transport sector, media,
environment protection, and crime prevention agencies.

Multi-sectorial collaboration between health and urban planners and other sectors could
be one crucial component of the necessary catalyst needed to reduce environmental
barriers to healthy living and advance health for all. Evidence such as that from this thesis
can provide avenues for collaborations to link skill sets of urban planners and other related
professionals to those of public health practitioners that could be used in promoting
healthy living. Having policies and actions taken by communities to create more open,
safe, and inclusive spaces that are programmed well, and increasing awareness about such
initiatives might also change perceptions to enable people to harness the positive
attributes of the physical space nearby without any actual changes made to it.

7.6 Conclusions
This thesis investigated the complex nexus between the neighbourhood built environment
and T2DM, unveiling some interesting associations that would benefit from further
exploration. The findings show that perceived lack of access to local amenities and dayand night-time crime are longitudinally associated with the odds of developing T2DM.
Although not statistically robust, the associations also appeared to slightly differ by
gender and duration lived in the same residence. The findings can contribute to enhancing
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the growing literature on the influence of the built environment on T2DM and related
health outcomes.

The studies undertaken in this thesis were based on a strong theoretical framework that
helped to outline the plausible links between the built environment and T2DM. The
analyses identified some mediating pathways between environment and T2DM, and the
analyses also suggest that associations identified were less likely to have been confounded
by residential self-selection. Moreover, the robust statistical analyses extend support to
the validity of the findings, and the likelihood of the influence of variation in
environmental exposure also seemed low in the study population. These merits, in
addition to the longitudinal design that ensured temporal precedence of the environmental
exposure over the outcome, provide stronger support for causality for the associations
identified in this thesis.

The results also indicated that the association between perceived local amenities and
T2DM was mediated by physical activity, walking, and BMI, meaning a lack of access
to local amenities increased BMI and reduced physical activity and walking, which
consequently increased the odds of developing T2DM. While BMI, physical activity, and
psychological distress mediated the association between crime and T2DM, suggesting
that crime influenced BMI, total physical activity and walking (only for day crime), and
mental health, and as a result, increased T2DM risk. The evidence for the hypothesis that
sedentary behaviour, social interaction, and sleep intervened in the pathways between the
built environment and T2DM was not strong.

Additionally, the perceived lack of access to local amenities influenced T2DM through
BMI and walking irrespective of the day- and night-time neighbourhood crime. The
associations for other perceived built environment characteristics such as footpaths,
recreational walking, and public transit did not appear to differ significantly by crime
perceptions. Finally, the odds of developing T2DM increased with increasing intensity of
clusters of unfavourable neighbourhood environment and area disadvantage. More
longitudinal studies with longer follow-up and better measures are required to strengthen
further the evidence base that can make significant contributions to policy decisions.
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Overall the evidence in this thesis points towards the prevention of neighbourhood crime,
bringing amenities and services closer to homes, and addressing mental health as
important public health interventions that can potentially help reduce the growing burden
of T2DM and related health outcomes. These built environment features that include local
amenities and crime may influence T2DM by supporting healthy behaviour and
improving physical and mental health such as psychological distress, physical activity,
and BMI. Interventions aimed to improve the availability of environmental resources that
promotes health in disadvantaged areas can be cost-effective in preventing T2DM and
may reduce health inequities. In addition to individual-level interventions aimed to
change behaviours and maintain healthy body weight, modifying the features of the
neighbourhood built environment that can enhance health may be an important approach
to combat the T2DM epidemic.
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Appendix B: Accepted abstract for the Faculty of Social Sciences HDR Student
Conference, University of Wollongong, November 2017
Title: Does living in a more liveable environment reduce type 2 diabetes risk? Results from a
systematic review.
Author(s): Tashi Dendup, Dr. Xiaoqi Feng, Stephanie Clingan, Associate Professor Thomas
Astell-Burt
School: Population Wellbeing and Environment Research Lab (PowerLab), School of Health and
Society
Preference of presentation: Oral
Background: Type 2 diabetes mellitus (T2DM) is a global public health challenge. A big part of
the problem is that the neighbourhoods in which people live potentially increase their risk of
developing T2DM by shaping lifestyle choices and increasing exposures to psychological and
physiological stressors. Efforts to enhance the quality of neighbourhoods are increasingly being
referred to as strategies to make cities more “liveable”. We reviewed existing studies to determine
whether increasing liveability will help to improve T2DM prevention.
Methods: A systematic search of published literature was conducted. Two reviewers
independently examined the titles and abstracts against the selection criteria, followed by full text
and study quality assessment. Data were extracted into a table and was narratively synthesised.
Results: Higher walkability and greenspace levels are associated with reduced T2DM risk, while
greater air pollution and noise levels are related to elevated risk. The mechanistic pathway is less
clear, and the current data precludes deducing causation. Data on other neighbourhood
characteristics are mixed and or limited.
Conclusion: The findings suggest that enhancing neighbourhood liveability can exert influence
on T2DM prevention. Having a more walkable and green neighbourhood, and a lower air
pollution and noise level in the neighbourhood may potentially reduce T2DM risk. More studies
with better designs and data are needed to generate robust evidence and understand the underlying
mechanism better. Doing so can help inform policies to build liveable communities that reduce
exposure to stressors and encourage healthy behaviours essential to curb the T2DM epidemic.
Biography: Tashi holds a Master’s Degree in Public Health from Curtin University. He
previously worked with the Ministry of Health of Bhutan. His PhD is part of an NHMRC project
grant led by Dr. Xiaoqi Feng and Associate Professor Thomas Astell-Burt at the Population
Wellbeing and Environment Research Lab (PowerLab).
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Appendix C: The published article on perceived built environment and T2DM
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Appendix D: Accepted abstract for the Faculty of Social Sciences HDR Conference,
University of Wollongong, 23 November 2018
Title: Residential built environment and type 2 diabetes incidence: findings from 45 and Up
longitudinal study
Author(s): Tashi Dendup, Thomas Astell-Burt, Xiaoqi Feng
Background: Different features of the built environment has been posited to influence type 2
diabetes (T2D) risk. Much of the current evidence is from cross-sectional studies, and data on
physical activity and food environment, crime and other characteristics are limited to draw
concrete inferences. This study examined whether perceptions of the residential built environment
are associated with T2D incidence.
Method: Longitudinal data from the 45 and Up study that included randomly selected participants
(45 years and above) was used for this study. Participants without T2D were followed up for
incident T2D. A two-level multiple logistic regression that adjusted for multiple confounders was
employed to examine the association between perceived built environment characteristics and
T2D incidence.
Findings: Of the total 36,224 participants, 3.7% developed diabetes at follow-up. The odds of
T2D incidence varied geographically. The adjusted model showed that those who felt there were
no local amenities within walking distance and felt day- and night-time neighbourhood crime
rates made it unsafe to walk had significantly higher odds of developing incident diabetes.
Availability of recreational facilities and public transport showed no strong association.
Conclusion: Residential built environment characteristics that include local amenities and
neighbourhood crime rates were associated with type 2 diabetes incidence. More longitudinal
studies that also include objective measures are required to corroborate the findings and inform
prevention policies. Strategies to reduce the T2D burden at the population-level should consider
changing the features of the residential built environment through multi-sectoral collaboration.
Key words: built environment, type 2 diabetes, crime, local shops, amenities, public transport
Presentation type: Oral
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Environmental Epidemiology and the International Society of Exposure Science (ISEEISES AC 2019)
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Appendix F: Acceptance of abstract for the 2020 Preventive Health Conference, Perth
Western Australia
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Supplementary Materials
Supplementary Table S4.1: Multilevel logistic regression of the association between perceived built environment variables
(assessed individually) and diabetes incidence
Built environment variables
Free/low cost recreation facilities (ref: Agree)
Footpaths on most streets (ref: Agree)
Local amenities within walking distance (ref: Agree)
Public transport within walking distance (ref: Agree)
Crime rates unsafe to walk during day (ref: Disagree)
Crime rates unsafe to walk during night (ref: Disagree)

COR (95% CI)
0.96 (0.85–1.10)
0.84 (0.75–0.95)
1.14 (1.01–1.27)
0.93 (0.81–1.07)
1.74 (1.37–2.21)
1.38 (1.22–1.56)

AOR* (95% CI)
1.01 (0.87–1.16)
0.91 (0.80–1.04)
1.22 (1.08–1.38)
0.99 (0.84–1.16)
1.56 (1.20–2.02)
1.32 (1.15–1.51)

COR: crude (unadjusted) odds ratio; CI: confidence interval; AOR: adjusted odds ratio; *Adjusted for age, gender, marital status, birth country, highest
qualification, working status, household income, areas disadvantage, area remoteness, diabetes history; Bold: p-value<0.05

Supplementary Table S4.2: Multilevel logistic regression of diabetes status at wave 1 as predictor of perceived built environment
in wave 2
Diabetes status at wave 1
Diabetes status (ref: No)
Yes

Recreational facilities
AOR (95% CI)

Local shops

Footpaths

Public transit

Crime day

Crime night

0.68 (0.24–1.95)

1.96 (0.73–5.25)

0.51 (0.21–1.23)

0.86 (0.19–3.77)

1.86 (0.78–4.43)

1.81 (0.72–4.58)

AOR: Adjusted odds ratio; CI: confidence interval; Bold: p<0.05; *all models adjusted for age, sex, country of birth, education, remoteness, diabetes
history, income, employment, marital status and area-level socioeconomic circumstances

243

Supplementary Table S5.1: Mediation of the association between perceived built environment characteristics and type 2
diabetes incidence by physical activity and recreational walking (as continuous variables) at wave 2 and 3 #
Mediating
variables

Local amenities
Physical activity
Recreational
walking
Unsafe day crime
Physical activity
Recreational walk

Wave 2 @

Wave 3 @

AORTE
(95%CI)

AORNDE
(95%CI)

AORNIE
(95%CI)

%
MED*

AORTE
(95%CI)

AORNDE
(95%CI)

AORNIE
(95%CI)

%
MED*

1.21(1.07–1.38)
1.22 (1.07–1.39)

1.21 (1.07–1.38)
1.21 (1.06–1.38)

1.00 (0.99–1.01)
1.00 (0.99–1.01)

-

1.22 (1.08–1.38)
1.21 (1.07–1.37)

1.21 (1.08–1.38)
1.21 (1.07–1.37)

1.00 (0.99–1.01)
1.00 (0.99–1.01)

-

1.74 (1.31–2.33)
1.82 (1.31–2.38)

1.72 (1.33–2.26)
1.81 (1.31–2.35)

1.01 (0.99–1.07)
1.00 (0.99–1.09)

-

1.72 (1.29–2.22)
1.75 (1.33–2.27)

1.71 (1.28–2.20)
1.75 (1.29–2.26)

1.00 (0.99–1.03)
1.00 (0.97–1.01)

-

AORTE: adjusted odds ratio (total effect); AORNDE: adjusted odds ratio (natural direct effect); AORNIE: adjusted odds ratio (natural indirect effect); CI:
confidence interval; %MED: proportion mediated; *proportion meditated (for dichotomous outcome) = NDE X (NIE-1)/NDEXNIE-1; #models adjusted
for demographic, socioeconomic, area disadvantage and remoteness, and family history of diabetes
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